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ABSTRACT
The cyclopropane moiety is an attractive synthetic target due to its application in
pharmaceuticals and medicinal research. One effective synthetic strategy involves the
formation of metal carbenoid species from diazo reagents. The carbenoid then reacts with
an olefin substrate to generate the cyclopropane ring. Of the metal complexes that can
facilitate this reaction, dirhodium(II) paddlewheel complexes are arguably the most
prevalent catalysts. This is because modification of the bridging ligands enables control
to be exerted over the catalyst’s chemoselectivity and enantioselectivity. Exploiting the
axial site as a control element is often overlooked as strongly coordinated Lewis bases
inhibit catalysis. Despite this, Lewis base additives have been observed to increase
enantioinduction in cyclopropanation reactions and axial coordination has been suggested
as a possible explanation. However, leveraging axial coordination as a control element
remains a problem due to the difficulty of controlling the coordination of exogenous ligand.
The goal of my research is the development of heteroleptic dirhodium(II)
paddlewheel complexes with tethered thioether ligands that are capable of axial
coordination. Tethering of the Lewis base anchors the thioether proximal to the axial site
to provide control over axial coordination.

Solid and solution-state characterization

indicated that axial coordination was present as part of a rapid equilibrium.

The

electrochemical analysis demonstrated the ability of different thioethers to modulate the
electrophilicity of the complex. These complexes were then tested as catalysts in the
cyclopropanation of olefins and diazo reagents. It was shown that the novel complexes
were better suited for more reactive diazo reagents and afforded higher yields than control
catalysts.
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Chapter 1 - Introduction
1.1 Cyclopropanation Mediated by Diazo-Derived Carbenoids
The cyclopropane moiety has continued to play a prominent role in the
development of pharmaceuticals.1,

2

The cyclopropane’s ability to confer desired

physiological properties, such as increased hydrophilicity, or impart a rigid conformation
makes it a powerful tool for drug design.3,

4

From 2012-2018, the Federal Drug

Administration approved 18 new drugs that contain a cyclopropane ring, which represents
8.5% of all approved drugs during that period.3 Isolation of natural products that
demonstrate potential therapeutic value further drives the desire for methods of
synthesizing cyclopropane rings.5-7 The most prevalent methods for cyclopropanation can
be divided into six major categories (Figure 1.1). Each of these methods has been applied
in the synthesis of medicinally relevant molecules or natural products.8-10 Many of these
require the formation of a divalent carbon species known as a carbene. Investigation of
the reaction of free carbenes with olefins showed that a mixture of cis and trans
cyclopropane rings was generated in small quantities, in addition to a range of
hydrocarbon side products. These results led to carbenes being described as “the most
indiscriminate reagent in organic chemistry”.11
Despite this moniker, continued research led to the discovery that combining diazo
compounds with certain transition metals generated stabilized carbenes. These metalstabilized complexes were termed carbenoids. Many transition metals can form isolable
carbenoid

complexes

or

reactive

carbenoid

intermediates

that

facilitate

the

cyclopropanation of olefins. The generic mechanism for the cyclopropanation of olefins
with diazo compounds is similar for each metal (Scheme 1.1). The initial step is the
electrophilic attack of a diazo reagent by the metal center. The metal center then aids in
the extrusion of dinitrogen to generate an electrophilic carbenoid species (Scheme 1.1,
A).

The reactive carbenoid undergoes a nucleophilic attack by the olefin substrate

(Scheme 1.1, B). A common transition state for cyclopropane formation is via transition
state C (Scheme 1.1, C), where the cyclopropane is formed in a concerted, yet
asynchronous, step. Although this transition state is very common, it is not observed for
all metals.12-16 The formation of the cyclopropane then results in the regeneration of the
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Figure 1.1
substrates

Different methods commonly employed for cyclopropanation of olefin

2

Scheme 1.1 General mechanism for cyclopropanation of olefin substrates with metal
carbenoids derived from diazo compounds

3

catalyst (Scheme 1.1, D). An alternative unproductive pathway is often observed when
the carbenoid is intercepted by another equivalent of the diazo reagent, resulting in a
homocoupled dimer product (Scheme 1.1, E).
The metal carbenoid is not limited to cyclopropanation reactions, however, and
can participate in a myriad of reactions. These reactions include X-H (X= C, O, N, Si, S)
insertion, ylide formation, and cyclopropenation.17, 18 The wide applicability inherently
brings about the complication of rendering reactions chemoselective. This is especially
true during total synthesis when multiple reactive functional groups are present. One
method of controlling the chemoselectivity involves protecting groups. This is an effective
strategy but increases the number of synthetic steps.

A more desirable method of

controlling chemoselectivity is by modulating the catalyst’s reactivity. There are examples
where the chemoselectivity of the reaction is dependent on the identity of the ligands
stabilizing the metal of the catalyst. Development of methods to tune the electronic nature
of the metal, and thereby affect the carbene, should allow further improvements to
chemoselectivity.
Another aspect of chemoselectivity is favoring cyclopropanation over the
undesired homocoupled dimer. Different methods have been developed to avoid the
formation of the homocoupled dimer. One such method is the addition of an excess of
the olefin substrate.

The increased concentration of olefin substrate allows for the

preferential trapping of the carbenoid by the olefin, rather than another molecule of the
diazo reagent. Although this method has been effective, it is not without limitations.
Cyclopropanation is often conducted in the early steps of the synthesis with readily
available olefins. This way, complex olefins that required time and resources to make are
not wasted. The early installation of the cyclopropane ring also introduces the reactive
cyclopropane intermediate that must now be compatible with any future reactions.
Development of catalysts that enable the use of equimolar amounts of olefin and diazo
reagent would allow the installation of cyclopropane rings later in syntheses, resulting in
new synthetic design strategies. Another method of minimizing the formation of the
homocoupled dimer involves the slow addition of the diazo reagent, often over 12 hours
or more.

This minimizes the concentration of the diazo reagent and facilitates the

carbenoid being intercepted by the olefin. Despite being effective, it is desirable to
eliminate, or at least mitigate, the formation of the unwanted side product through the
choice of catalyst.

4

The choice of diazo reagent is another way of controlling the carbenoid
intermediate, and thereby chemoselectivity.

Diazo compounds substituted with an

electron withdrawing group (EWG) are classified as acceptor diazo compounds (Figure
1.2). Esters are a common EWG and have been the benchmark for diazo decomposition
reactions. The EWG stabilizes the diazo through resonance and enables easier handling
as compared to diazomethane. This resonance also makes electrophilic attack by the
metal difficult, which is why acceptor/acceptor diazo reagents are not as reactive (Figure
1.2, a). Conversely, electron donating groups (EDGs) make the diazo carbon more
susceptible to electrophilic attack, which facilitates the coordination of the carbon to the
metal. The opposite reactivity trend is observed regarding the carbenoid, as EWGs make
the carbenoid even more electrophilic (Figure 1.2, b).

Because the acceptor and

acceptor/acceptor diazo reagents lead to more reactive carbenoids, the homocoupled
dimer product is commonly observed. The increased reactivity of these carbenoids was
also associated with a decrease in the diastereoselectivity. For this reason, “balanced”
donor/acceptor diazo compounds were developed where the EDG attenuates the
reactivity of the carbenoid.19, 20 Although the donor/acceptor diazo reagents mitigate the
formation of the homocoupled dimer, they do not prevent the side reaction in all
instances.21 Using the diazo reagent to control the reactivity of the carbenoid limits the
reaction scope, as only select diazo reagents may be employed. Instead, it is preferable
that the carbenoid’s reactivity be controlled by the catalyst, allowing for the use of a wider
range of diazo reagents.
The most common metals applied to the cyclopropanation of olefins from diazo
mediated carbenoids are those in Group 9 and Group 11. As such, they will be the focus
of this overview. Due to the wide application of cyclopropanation reactions, many recent
reviews

have

been

compiled

that

include

sections

on

carbenoid

mediated

cyclopropanation.10, 22-26 Especially helpful is the annual review of the chemistry of the
transition metal to carbon double and triple bond, which began in 1997.27-29 For each of
the nonradioactive Group 9 and 11 transition metals, an outline of the seminal works
regarding cyclopropanation will be provided, followed by recent applications.

As

discussed previously, it is common practice to use different techniques to limit the
formation of the homocoupled dimer product. Therefore, in the course of this review, it
should be understood that one or more of these techniques were employed unless
otherwise stated.

5

Figure 1.2 Different classifications and reactivity trends of a) diazo reagents and b) the
corresponding metal carbenoids

6

1.1.1 Copper
Copper has become ubiquitous in the discussion of diazo mediated carbenoid
cyclopropanation due to early examples involving Cu bronze and Cu(SO4)2 (Figure 1.3).30
Good yields were obtained and improved upon by introducing ligands that increased the
solubility of the complex. Both Cu(I) and Cu(II) complexes have been applied as catalysts,
but it was demonstrated that Cu(II) complexes are reduced to Cu(I) by diazo reagents.
This reduction process was corroborated by the application of other reducing agents.31
Regardless of which catalyst was implemented, only a slight preference was observed for
the trans isomer.
Nozaki and co-workers were able to achieve the asymmetric cyclopropanation of
styrene and ethyl diazoacetate (EDA) by incorporating a chiral salicylaldimine ligand to
afford a trans:cis ratio of 2.3:1 and an ee of 6% for each isomer.32 The asymmetric product
was attributed to the in-situ generation of a Cu/salicylaldimine complex. Based on the
stoichiometry of ligand to Cu salt, it was believed that the active catalyst had a ligand:Cu
ratio of 1:1. Although only modest enantioselectivity was observed, this reaction was the
first example of asymmetric catalysis mediated by a metal carbenoid. Not only did this
experiment bring about the development of Cu catalysis, it also set in motion the
investigation of other metals for asymmetric catalysis.
The work by Aratani and co-workers provided an improvement to the
enantioselectivity achieved by Nozaki through a tridentate salicylaldimine derived ligand
(Figure 1.4).33

Through methodical analysis of structure-activity relationships in the

enantioselective synthesis of chrysanthamic acid derivatives, trends were established for
salicylic acid derived ligands. It was determined that diastereoselectivity was primarily
dictated by the choice of diazo reagent. Minimal diastereoselectivity was observed with
EDA. As the steric demands of the ester’s alkoxy group increased, a preference for the
trans diastereomer was observed.

The best trans:cis ratio was obtained with an

adamantyl (Ad) group. An increase in enantioselectivity for the trans isomer was also
observed as the size of the ester’s alkoxy group was increased. Further salicylaldimine
derivatives were synthesized with variations of the aryl group and different substituents at
the chiral center (Figure 1.5).34 A clear increase in enantioselectivity of the chrysanthamic
esters was observed with the addition of substituents on the aryl ring. More sterically
demanding substituents further increased enantioselectivity. The effect of aryl
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Figure 1.3 Cyclopropanation of styrene and EDA with select Cu complexes
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Figure 1.4 Increased diastereoselectivity as a result of more sterically demanding alkoxy
groups on diazo esters

9

Figure 1.5 Influence of Cu salicylaldimine catalysts on enantioselectivity in the
cyclopropanation of chrysanthamic acid derivative
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substituents was more pronounced than that observed upon varying the substituent at the
chiral center.

The highest ee was obtained when the bulky aryl substituents were

combined with the methyl group at the chiral center.

This combinatorial effect was

essential for the high enantioselectivity (Figure 1.5). The methodology developed was
applied to the synthesis of cilastatin, which inhibits the metabolism of the antibacterial
imipenem.35
As research progressed in the field, other classes of ligands demonstrated superior
yields and stereoselectivities when compared to these salicylaldimine complexes. Many
different ligand scaffolds have been investigated since the initial discovery by Nozaki. Of
these, the most common ligand scaffolds are semicorrins, bis(oxazolines), and other
nitrogenous chelating agents such as bipyridines.

1.1.1.1 Cyclopropanation with Semicorrin Cu(I) Complexes
After the discovery of salicylaldimine complexes, Pfaltz and co-workers developed
Cu catalysts incorporating chiral semicorrin ligands.36 Good yields were obtained with
each of the catalysts, with a slight preference for the trans isomer (Table 1.1, entries 1-3).
As was observed with the salicylaldimine catalysts, reactions of diazo esters with sterically
demanding alkoxy groups resulted in a more diastereoselective reaction compared to less
sterically demanding esters (Table 1.1, entry 3-5). Both the trans and cis isomer had
higher ee (~10%) than the salicylaldimine catalysts. However, the scope of the olefin
substrate was limited to activated olefins such as styrene and dienes.

High

stereoselectivity (82:18 trans:cis, 92% ee for each isomer) was maintained with the
nonactivated alkene 1-heptene, but only with a modest yield (~30%).

1.1.1.2 Cyclopropanation with Bis(oxazoline) Cu(I) Complexes
One of the most noteworthy ligands used in conjunction with Cu cyclopropanation
is the bis(oxazoline) ligand, also known as BOX ligand (Figure 1.6). Catalysis with BOX
complexes has been the subject of multiple reviews that cover cyclopropanation of olefins
with metal carbenoids generated from diazo reagents.37,

38

BOX compounds are

reminiscent of the semicorrin ligand. Both are five-membered heterocycles containing a
nitrogen atom. However, BOX ligands also contain an oxygen in the heterocyclic ring.

11

Table 1.1 Cyclopropanation of styrene and acceptor diazo reagents with Cu(I)
semicorrin complexes
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Figure 1.6
complexes

Cyclopropanation of styrene and d-menthyl diazoacetate with Cu BOX
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For this reason, chiral moieties that were applied to the Cu semicorrin complexes were
also incorporated into Cu BOX complexes (Figure 1.6).39, 40 The isolated Cu BOX complex
4 afforded yields and diastereoselectivities comparable to semicorrin ligands. However,
an improvement in the enantioselectivity was observed with complex 5, upon varying the
oxazoline substituent. It was also demonstrated that the active Cu complex could be
generated in situ by combining a Cu salt and an equimolar amount of ligand. This was
evidenced by the similar yields, diastereoselectivity, and enantioselectivity observed when
comparing an isolated complex to one generated in situ (Figure 1.6, compare 4 and 6).
The BOX ligand 7 (Figure 1.7) was then examined with the more reactive diazo
reagent EDA. Even though the yield and diastereoselectivity were similar compared to
the analogous semicorrin complex, the enantioselectivity of the BOX complex was much
lower. Even so, further ligand development demonstrated that the oxazoline substituents
influenced enantioselectivity. It was demonstrated that the more sterically demanding tBu
group was among the best for enantioselectivity, though no change was observed in
diastereoselectivity (Figure 1.7, compare 7-10).41 Variation of substituents on the bridging
carbon also influenced the diastereoselectivity of the reaction (Figure 1.7, compare 9, 1112). However, no trend could be established to guide further ligand development. The
introduction of substituents onto the carbon linker led to improvements in
diastereoselectivity in some cases, but the major influence of diastereoselectivity is
primarily dictated by the choice of diazo ester. Additional ligand development investigated
using heteroatoms to bridge the two oxazolines rather than carbon. The inclusion of
heteroatoms as the bridging atom also afforded high yields and enantioselectivity of the
desired cyclopropanes. Yet this was not a drastic improvement upon that obtained with
carbon as the bridging atom (Figure 1.7, compare 9 to 13-14).
Asymmetric induction for both semicorrin and BOX catalysts stems from the C2
symmetry of the complex where the Cu and the heterocyclic rings are considered planar.42
A quadrant system about the Cu can then be generated by two intersecting planes. One
plane includes the ligand and Cu metal. The second plane includes the Cu metal and is
orthogonal to the first plane (Figure 1.8, a). The substituents on the oxazoline rings occupy
two quadrants (quadrants 1 and 4), leaving two open quadrants (quadrants 2 and 3). The
decomposition of the diazo reagent generates a carbenoid, which occupies the plane
orthogonal to the plane of the ligand. It was determined that the carbon of the ester was
not in conjugation with the carbene carbon. This then means that the alkoxy group of the
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Figure 1.7 Effect of the backbone of the BOX ligand on catalytic activity
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Figure 1.8 The a) different quadrants of Cu(I) complexes b) orientation of the carbenoid
and chiral ligands and c) the approach of the olefin substrate
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ester occupies either quadrant 3 or 4. Steric repulsion between the ester and chiral
substituent is expected should the ester group be in quadrant 4 (Figure 1.8, b). This
results in the preferred orientation where the alkoxy group of the ester occupies quadrant
3 (Figure 1.8, c). Experimental results support this model, as sterically demanding diazo
esters afforded higher diastereoselectivity. The ester occupying quadrant 3 and the
oxazoline substituents blocking quadrants 1 and 4 leave only one vector for the substrate
to approach.

Although the quadrant method provides a qualitative explanation of

selectivity, it has minimal application towards predicting absolute configuration without
experimental testing. More recent advancements towards stereochemical prediction have
been made through computational analysis. By fitting data from a pool of experimental
data, Aguado-Ullate and co-workers were able to accurately predict the stereochemical
outcome in the cyclopropanation of styrene with EDA.43
Further ligand development led to the synthesis of tris(oxazoline) ligands which
incorporate side arm substituents which can coordinate to the metal in a tripodal fashion.
Side arm substituents are any group or functionality that is not the same as the original
oxazoline group. Inclusion of side arm ligands is intended to increase the stereoselectivity
of a reaction by acting as directing groups or blocking groups, thereby limiting the number
of approach vectors for the olefin substrate. The side arm group could also possibly be a
method of tuning the electronics of the metal center, making it more, or less, electrophilic.
Comparable yields and diastereoselectivity were obtained with Cu tris(oxazoline)
and Cu BOX complexes; however, higher enantioselectivity was observed with Cu
tris(oxazoline) complexes.44 The tris(oxazoline) Cu complexes developed by Tang and
co-workers facilitated the cyclopropanation of styrene with donor/acceptor diazo reagents
in high yields and enantioselectivity, which was previously not observed with Cu
catalysts.45 Although the specifics are not certain, it is clear that the addition of the extra
oxazoline moiety did increase the yield and enantioselectivity (Figure 1.9, 15). It should
be noted that only the yields of the trans isomer were reported, so the lower yields of 16
and 17 may be a result of low diastereoselectivity.

1.1.1.2 Cyclopropanation with Bipyridyl and Diamine Cu(I) Complexes
Bipyridine ligands have been employed to stabilize many metal centers and have
been applied as catalysts in an array of reactions. Unsurprisingly, they were also applied
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Figure 1.9 Effect of side arm substituents of Cu(I) BOX complexes
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to cyclopropanation (Figure 1.10). The resemblance of bipyridine to BOX and semicorrin
ligands made them logical candidates to promote the asymmetric cyclopropanation of
olefins through the incorporation of chiral carbons at the 6 positions of the pyridine rings.41
Based on the success of the semicorrin complex, initial tests were conducted using a
similar chiral substituent seen in compound 18.

Incorporation of more sterically

demanding substituents resulted in an increase in enantioinduction (Figure 1.10, 18- 20).46
The increased steric bulk also seemed to result in an increase in the diastereomeric ratio.
Further ligand development involved the incorporation of rings attached to the pyridine
rings as a means of locking the chiral substituents near the Cu metal. This led to results
similar to those observed with straight chains (Figure 1.10, 21-22). As before, more
sterically demanding substituents were more enantioselective (Figure 1.10, 23-24).
Like BOX ligands, bipyridine ligands with various linkers were investigated.47, 48
The addition of the gem-dimethyl did afford a more enantioenriched product. Unlike the
BOX complexes, however, incorporation of bridging gem-dimethyl groups did not
drastically improve enantioselectivity (Figure 1.10, compare 25 and 26). Even the yield,
reported as a range, did not best previous bipyridyl catalysts. Expansion of the bridging
group resulted in lower stereoselectivity due to the chiral groups not being in proximity to
the metal center (Figure 1.10, 25-28).
The quadrant system developed for BOX complexes, as a means of explaining the
observed stereochemical outcome, can also be applied to bipyridyl complexes. As can
be seen, bipyridyl complexes are efficient catalysts for cyclopropanation of olefins.
Diastereoselectivity seems to be lower with bipyridine complexes compared to Cu BOX
complexes. This trend is highlighted with complexes 23 and 24 where tBu diazoacetate,
which

typically

results

in

high

diastereoselectivity,

afforded

comparable

diastereoselectivity when EDA was employed.49 Despite this, the Cu pyridine complexes
resulted in yields and enantioselectivity that are consistent with Cu BOX complexes.

1.1.1.4 Recent Developments in Cyclopropanation with Cu(I) Complexes
The applicability of copper catalysts continues to be observed. Many catalysts
have been tested in the classic cyclopropanation of styrene and EDA to provide insight
into its catalytic ability. However, the possibility still remains that a catalyst that performed
poorly in this standard reaction may excel in a different cyclopropanation reaction. One
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Figure 1.10 Cyclopropanation with select Cu(I) bipyridyl complexes
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method for developing these reactions has been through the screening of a wide array of
BOX ligands to find a complex that affords good stereoselectivity and at least moderate
yields. Further catalyst screenings determine if favorable side arm effects can be used to
increase the stereoselectivity. This methodology has been applied successfully in several
instances for the cyclopropanation of multiply substituted olefins, a notoriously difficult
substrate for cyclopropanation by metal carbenoids (Figure 1.11).50-52 Activated alkenes
such as styrene derivatives afforded good yields and stereoselectivities while nonactivated
alkenes did not produce the desired cyclopropane product in a diastereoselective manner.
Both trans and cis olefins yielded the desired cyclopropanes in good yields and high
stereoselectivity. Extension of the alkyl chain resulted in lower yields, especially with the
cis isomer. Further conjugation of the π system also resulted in a highly stereoselective
and high yielding reaction.

Another recent example followed a similar protocol in

developing the cyclopropanation of a styryl derivative.

Cyclopropanation of 1,2-cis

disubstituted olefins using acceptor/acceptor diazo agents was also realized.

Each

disubstituted olefin afforded high stereoselectivity and modest to excellent yields
depending on olefin substitution.52,

53

Another interesting example of using catalyst

screening methods involves the cyclopropanation of disubstituted alkenylboranes to afford
borylcyclopropanes.54 It should be noted, however, that an increase in catalyst loading
(up to 5 mol %) was required to facilitate these reactions.
The continued utility of Cu complexes is realized through their application in recent
syntheses of natural products and biologically relevant molecules.

One synthetic

application is taking advantage of the cyclopropane ring as a synthetic handle for further
transformations. This strategy is made possible by the reactivity of cyclopropanes due to
ring strain.55

Both Ichikawa and Watanabe implemented this approach for the

enantioselective syntheses of exigurin and (+)-exiguamide (Figure 1.12).56, 57 The Cu(II)
salicylaldimine complex facilitated the reaction with a lower catalyst loading than CuOTf,
although elevated temperatures (80 °C) were required to drive the reaction forward. Under
these conditions, the Cu salicylaldimine complex resulted in a higher yield of the desired
cyclopropane. Sawada and co-workers also employed a cyclopropane as a synthetic
handle for the synthesis of (+)-colletoic acid. The asymmetric cyclopropanation occurred
with high enantioselectivity (91 % ee, >99% ee after recrystallization).
Another synthetic application of Cu catalysis is the synthesis of the cyclopropane
as part of the final product. A recent example was the synthesis of the natural product
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Figure 1.11 Cyclopropanation of internal olefins with a Cu(I) BOX complex
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Figure 1.12 Total syntheses of exigurin and (+)-exiguamide using cyclopropanation with
Cu(I) catalysts as a key step
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(+)-salivileucalin B (Figure 1.13, a), which demonstrated cytotoxicity for different cancer
lines.58,

59

Exposure of the diazo compound to Cu hexafluoroacetoacetate (hfacac)

resulted in the installation of the cyclopropane ring via intramolecular cyclopropanation of
the aryl ring. It should be noted a high catalyst loading (10 mol %) was required for this
intramolecular transformation.

The requirement for high catalyst loading was also

observed for the synthesis of the E ring of the core to the polycyclic natural product
Andilesin C, which required 25 mol % of achiral Cu(acac)2 (Figure 1.13,b).60 Although this
portion of the molecule has been accomplished, work towards a total synthesis is ongoing.
Intermolecular cyclopropanation reactions with Cu complexes continue to be an
efficient method of establishing chiral centers. Unlike the intramolecular examples, chiral
Cu complexes play a more prominent role in achieving the desired asymmetric product.
Two recent examples involve BOX ligands 29 and 30, derived from D-glucosamine (Figure
1.14, a and b).

The cyclopropanation of methyl indole led preferentially to the exo

cyclopropane product with good enantioselectivity.

This expands upon already

established methodology for the synthesis of many alkaloid compounds via inter or
intramolecular cyclopropanation of indole derivatives.61

From this cyclopropane

intermediate, (-)-desoxyeseroline could be accessed in five steps (Figure 1.14, a).62
Cyclopropanation of 1-heptene and EDA using 30 establishes the stereocenters of the
cyclopropane ring of (+)-grenadamide (Figure 1.14, b).63 The ester was then used as a
functional handle for the addition of the rest of the molecule. Cyclopropanation of an olefin
via a Cu BOX carbenoid species was also implemented towards the synthesis of the core
of cryptotrione. This reaction gave high yields (95%) and good dr (>10:1) for the desired
product (Figure 1.14, c).64

1.1.2 Silver
While Ag has been known to decompose diazo reagents and form Ag carbenoids,
its application towards cyclopropanation has been limited. This is believed to be due to
the competition between carbenoid formation and a Wolff rearrangement.65

The

rearrangement results from Ag acting as a Lewis acid to facilitate the formation of a ketene,
rather than a carbenoid. In an attempt to synthesize Ag(I) carbenoids, Dias and coworkers developed Ag(I) scorpionate complexes (Figure 1.15, a). Subjecting complex 31
to dimethyl diazomalonate resulted in the coordination of the diazo reagent without diazo
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Figure 1.13
Total syntheses employing Cu(I) catalysts to install asymmetric
cyclopropane ring
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Figure 1.14 Total syntheses using Cu(I) catalysts to install the desired cyclopropane
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Figure 1.15 Example of a) Ag(I) scorpionate complexes and b) application as catalysts
in cyclopropanation of styrene and EDA

27

decomposition.66 Attempts were made to synthesize the analogous complex with EDA,
but no stable complex could be isolated. Rather, gas evolution was observed, indicating
the diazo reagent was being decomposed. Applying the scorpionate complex as a catalyst
for the cyclopropanation of styrene and EDA resulted in a complex mixture of products
(Figure 1.15, b). The mixture of products included cycloheptatrienes, resulting from a
Buchner reaction, as the major product. However, a mixture of cyclopropane products
was also observed. The brominated scorpionate Ag(I) complex 32 facilitated the same
reaction to afford the cyclopropane product as a 1:1 mixture of the cis and trans isomers.67
In each of these cases, the overall yield was not reported but did set the precedent for
Ag(I) carbenoid mediated cyclopropanation.
Davies and co-workers demonstrated that cyclopropanation of styrene and
donor/acceptor diazo reagents could be facilitated by simple Ag(I) salts (Figure 1.16).68
A wide range of Ag(I) salts were examined and It was noted that the anion affected the
yield of the reaction. Anions with strong electron withdrawing groups resulted in lower
yields.

Of these silver salts, AgSbF6 was compared to Rh2(OAc)4 and demonstrated

higher chemoselectivity, regioselectivity, and diastereoselectivity.

Despite these

advantages, the Ag salts were not enantioselective. This was not unexpected because
no chiral ligands were investigated.

1.1.2.1 Recent Developments for Cyclopropanation of Olefins by Ag(I) Carbenoids
Not many recent reports have been made on homogeneous Ag(I) catalysts. One
example from

2019 by Wang and co-workers

demonstrated

chemoselective

cyclopropanation of indoles with vinyl diazoacetates. The application of simple Ag(I) salts
as catalysts resulted in cyclopropanation of the olefin, rather than alkylation. Further
optimization of the reaction showed that AgNTf2 afforded the highest yield of the salts
tested.

A substrate scope was then conducted showing a high tolerance for the

incorporation of aryl substituents on both the indole substrate and aryl vinyl diazo reagents
(Figure 1.17, 33-35,38).69 Addition of bulkier substituents on the aryl ring of the indole did
not inhibit the reaction or decrease the diastereomeric ratio. Variation of the protecting
group (PG) resulted in only moderate to good yields, indicating the importance of the
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Figure 1.16 Cyclopropanation of styrene and methyl phenyldiazoacetate with Ag(I)
salts
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Figure 1.17 Cyclopropanation of N-protected indole with AgNTf2
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2-pyrimidinyl PG (Figure 1.17, 33,36-37). This could have been the result of the additional
N atoms further activating the olefin, which promoted cyclopropanation. Successful
cyclopropanation was further observed with protected pyrroles, in addition to benzofuran
39. Introduction of the more electronegative oxygen atom did result in lower yields but
maintained the same dr (>19:1) as observed with indole (Figure 1.17, 39-40). It is worth
noting that good to great yields were obtained even without employing techniques to limit
the formation of the homocoupled diazo product.

1.1.3 Gold
One of the last metals to demonstrate the ability to generate carbenoids from diazo
compounds, gold has begun to see an increase in research. In 2005, Fructos and coworkers observed that an Au(I) N-heterocyclic carbene (NHC) complex facilitated the
cyclopropanation of styrene and EDA (Figure 1.18, a).70 The Au(I) species was generated
in situ with the addition of a halogen scavenger such as sodium tetrakis(3,5bis(trifluoromethyl)phenyl)borate (NaBArF). Halogen removal also generated an open
metal binding site for coordination of the diazo reagent. As such, halogen scavengers
have become a staple in the application of Au NHC complexes for the decomposition of
diazo compounds. The Au(I) catalysts were able to facilitate the cyclopropanation of
styrene and EDA but a formal sp2 C–H insertion was the major product. Cyclooctene was
also tested and resulted in a high yield (99%) of the cyclopropane. In this case, no other
products were detected (Figure 1.18, b). The diastereoselectivity was not reported for
these reactions, nor was enantioselectivity reported. Despite no asymmetric induction
being observed, these reactions provided the foundation for future ligand development.

1.1.3.1 Cyclopropanation with Au(I) Phosphine Complexes
Based on the ability of the NHC ligand to facilitate cyclopropanation, electronically
similar phosphines were also investigated as ligands. The antimony hexafluoride salts of
the Au(I) phosphine complexes were applied as catalysts for the cyclopropanation of
styrene and EDA, resulting in no reaction. However, a donor/acceptor diazo reagent
resulted in formation of the cyclopropane product in high yield, exclusively as the trans
isomer (Figure 1.19, a).71 Unlike with NHC catalysts, no insertion products were observed.
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Figure 1.18 Cyclopropanation of olefins via an Au(I) NHC complex
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Figure 1.19 Cyclopropanation of olefins with an Au(I) phosphine complex
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Cyclohexene was tested as a substrate and resulted in the formation of the cyclopropane
product. Even though only a single diastereomer was observed, it was accompanied by
trace amounts of the C–H insertion product (Figure 1.19, b).

1.1.3.2 Recent Developments for Cyclopropanation of Olefins by Au(I) Carbenoids
Phosphine

ligands

found

further

application

by

facilitating

asymmetric

cyclopropanation when a bidentate spirocyclic phosphine ligand was complexed to the Au
metal (Figure 1.20, a). The more elaborate diazo reagent, diazooxindole, underwent
cyclopropanation with 1,2-disubstituted olefins to afford spirocyclopropyloxindoles. Both
the cis and trans olefins readily underwent cyclopropanation.

It was noted that

cyclopropanation of cis olefins could be accomplished by generating the Au(I) catalyst in
situ (Figure 1.20, b).72 Conversely, the same study indicated cyclopropanation of trans
olefins required addition of the isolated Au(I) catalyst.

Each of the 12 trans olefin

substrates afforded highly diastereoselective (>20:1 dr) and enantioselective (ee ≥ 88%)
products. A variety of trans olefins were also tested and gave similar results to that
observed with cis olefins but afforded the opposite diastereomer. It should be noted that
the formation of the cis cyclopropane required generation of the Au(I) complex in situ.
Conversely, the trans cyclopropane was formed by the addition of the isolated Au(I)
complex. The phosphine ligand 43 was also incorporated into an Au(I) catalyst that proved
efficient for the cyclopropanation of 1,1-disubstituted olefins containing fluorinated
substituents (Figure 1.20, c).73
Another class of chiral Au(I) catalyst was developed by incorporating monodentate
phosphoramidite ligands (Figure 1.21). These catalysts were shown to be active with
donor/acceptor diazo reagents to afford the cyclopropanation of enamides, providing
access to complex N-heterocyclic compounds.74 The active catalyst was once again
generated in situ by the introduction of a halogen scavenger. The desired cyclopropane
product was obtained in good yields but remained lower than many other cyclopropanation
reactions. This could be a result of the rapid addition of the diazo reagent which could
result in a higher concentration of diazo compound, resulting in the formation of the
homocoupled product. Of the three catalysts tested, the Au(I) catalyst with ligand 44
afforded the highest yield.

Despite only achieving modest to good yields, only a single
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Figure 1.20 Asymmetric Cyclopropanation of olefins with Au(I) bisphosphine complexes
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Figure 1.21 Asymmetric cyclopropanation of enamides with chiral Au(I) phosphoramidite
complexes
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diastereomer of the cyclopropane product was observed with each of the catalysts. Again,
the Au(I) catalyst with ligand 44 was the lead catalyst, achieving the highest
enantioselectivity. It appeared that bulky aryl substituents played a large part in facilitating
higher enantioselectivities.
Quite recently, Peréz et. al. demonstrated that ethylene could be cyclopropanated
with EDA in 62% yield by an Au(I) NHC complex (Figure 1.22).75 The reaction was
conducted with the catalyst and diazo compound dissolved in dichloromethane (DCM)
under an ethylene atmosphere. It was noted that a silver salt halogen scavenger was
required to facilitate reactivity. The product distribution seemed to be controlled by the
choice of silver salt. In each case, only small amounts of the homocoupled diazo product
were observed.

1.1.4 Rhodium
The most prevalent Rh complex for cyclopropanation of olefins is the dirhodium(II)
paddlewheel (RhII) complex.76

The most common RhII complex is dirhodium(II)

tetrakisacetate (Rh2(OAc)4), which consists of four bridging ligands and two axial sites
(Figure 1.23). The axial site is the catalytically active site with only one of the Rh atoms
generating a carbenoid per turnover.77 Work by Teyssié and co-workers demonstrated
the potential of RhII carboxylate complexes as catalysts for the cyclopropanation of olefins
with diazo reagents.78 Variation of the electron donating ability of the bridging ligand
enabled chemospecific intramolecular reactions (Figure 1.24).79

The benchmark

Rh2(OAc)4 gave nearly 1:1 product distribution between the cyclopropanation product and
the

C-H

insertion

product.

The more electron

poor

catalyst

dirhodium(II)

tetrakisperfluorobutyrate (Rh2(pfb)4) afforded the formal C–H insertion product as a single
product. Conversely, the electron rich RhII complex dirhodium(II) tetrakiscarprolactamate
(Rh2(cap)4) was selective for cyclopropanation to afford the fused bicyclic compound.79
This indicated that modification of the bridging ligand heavily influenced the electronics of
the metal, and thereby modulated the carbenoid reactivity during the intramolecular
reaction.
A small degree of diastereocontrol was exhibited with achiral RhII complexes
during intermolecular cyclopropanation (Figure 1.25).80 It can be seen the electron rich
RhII complex dirhodium(II) tetrakisacetamidate (Rh2(acam)4) resulted in a modest
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Figure 1.22 Cyclopropanation of ethylene and EDA with an Au(I) NHC complex
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Figure 1.23 The RhII Rh2(OAc)4 with the bridging site and axial site labeled
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Figure 1.24 Chemoselectivity of electron rich and electron poor RhII catalysts

40

Figure 1.25 Diastereoselectivity of electron rich and electron poor achiral RhII catalysts
and other common catalysts
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increase in selectivity for the trans product. The yields achieved with RhII complexes were
higher than other common metal catalysts, despite being less diastereoselective.30 This
indicated the RhII complexes were more reactive, which could enable lower catalyst
loading.
Unlike many other catalysts, RhII complexes contain a bimetallic core. The second
Rh does not interact directly with the carbene but does influence the electronics of the Rh
bound to the carbene. This interaction is best understood when considered with a 3
center/ 4 electron (3c/4e) model. The simplest example of a 3c/4e system is H3- and can
be represented by two resonance structures (Figure 1.26, a). A classic 2 center/ 2 electron
(2c/2e) bond is present between two hydrogen atoms (Hb and Hc). The third hydrogen
atom (Ha) forms a dative bond by donating into the antibonding orbital of Hb and Hc. This
donation can lead to the formation of a 2c/2e bond between Ha and Hb, leaving Hc to form
a dative bond. However, calculations indicate that this molecule is better represented as
an average, with Hb forming two weaker bonds with both Ha and Hc. When applied to the
RhII carbenoid species, the three centers are the two Rh atoms and the carbene carbon
(Figure 1.26, b). The first resonance structure shows the Rh–Rh as the 2c/2e bond, and
the carbene forms a dative bond by donating into the Rh–Rh antibonding orbital. The
second resonance structure involves the formal oxidation of one Rh and the reduction of
the distal Rh. As in the case of H3-, calculations indicated that Rh was bound to both the
carbene carbon and Rh and is believed to be the major contributor.81 The presence of
two Rh(II) centers is further supported by experimentation. Analysis of an isolated RhII
carbenoid species demonstrated the oxidation state of the Rh metals does not occur.82
The current understanding of the catalytic cycle is shown in Scheme 1.2 with an
overlay of the pertinent orbitals.13, 81, 83 Initiation of the process arises from the coordination
of the diazo reagent to the electrophilic Rh metal at the axial site of the RhII complex
(Scheme 1.2, a). After this coordination, the π backbonding from the π* of the RhII
complex promotes the loss of dinitrogen (Scheme 1.2, b), the rate-limiting step, resulting
in the carbenoid species (Scheme 1.2, c). This species is most accurately modeled as a
3c/4e system describe above. Stabilization of the electrophilic carbenoid arises from
electron donation from the Rh metal via π backbonding. A stepwise pathway (Scheme
1.2, d and e) is supported by experimental and computational kinetic isotope effect
experiments.13 However, this process occurs so rapidly it has been classified as an
asynchronous concerted process. The process begins when the electrophilic carbenoid
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Figure 1.26 Resonance forms of the 3c/4e systems of a) H3- and a b) RhII carbenoid
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Scheme 1.2 Catalytic cycle of cyclopropanation of styrene with a diazo compound by a
RhII complex a) coordination of diazo b) backbonding by Rh facilitates extrusion of
nitrogen c) the reactive carbenoid d) nucleophilic attack by the olefin e) and final ring
closure
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is then attacked (Scheme 1.2, d) by the olefin substrate in an end-on fashion. The σ
portion of the 3e/4c then completes the cyclopropanation (Scheme 1.2, e) and regenerates
the catalyst, completing the catalytic cycle.
Over time, a large library of RhII complexes was generated with different bridging
ligands leading to improved diastereoselectivity, in a highly enantioselective fashion.84 Of
the many RhII complexes, those based on carboxamidiate, carboxylate, and N-protected
amino acids have proven most successful and widely applied.

1.1.4.1 RhII Complexes Derived from Carboxamidates
Chiral RhII carboxamidate complexes were first realized by Doyle and co-workers
with the synthesis of dirhodium(II)tetrakis[methyl 2-pyrrolidone-5(S)-carboxylate] (Rh2(SMEPY)4) 47, based on a chiral pyrrolidinone ligand (Table 1.2).85 Further ligands were
developed based on oxazolidinone, imidazolidinone, and azetidinone moieties.86 Both the
R and S enantiomer of many carboxamidate catalysts have been synthesized, but the S
enantiomer is the most prevalent due to the availability of the corresponding amino acid
starting material.
Applying these complexes in the benchmark intermolecular cyclopropanation of
styrene and EDA showed that the azetidinate complex was the most reactive
carboxamidate complex (Table 1.2, entry 2). However, the carboxamidate catalysts tested
resulted in lower yields than the carboxylate Rh2(OAc)4.

It was noticed that

carboxamidates tended to favor the cis cyclopropane rather than the thermodynamically
favored trans cyclopropane, although not by a large margin (Table 1.2, entries 1-4).87
Controlling diastereoselectivity was challenging even with esters containing large alkoxy
groups, which worked with other metals. However, these large alkoxy groups did facilitate
an increase in enantioselectivity, most notably of the cis isomer (Table 1.2, entries 5-7).
Despite providing access to the cis enantiomer, these reactions were not as high yielding
as more easily synthesized catalysts.
Conversely, carboxamidate RhII complexes were shown to be highly effective in
intramolecular asymmetric cyclopropanation reactions. Compared to a common Cu BOX
complex, the enantioselectivity observed with the carboxamidates was significantly higher
(Table 1.3, compare entry 1 to others).88 It was noted that high enantioselectivity was
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Table 1.2 Cyclopropanation of styrene and EDA with various RhII complexes
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Table 1.3
Selected examples of intramolecular cyclopropanation with RhII
carboxamidate catalysts compared to a Cu(I) Box catalyst
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achieved when either enantiomer of the carboxamidate ligand was incorporated as the
bridging ligand (Table 1.3, entries 2-3). This was in contrast to a separate study where a
clear drop in enantioselectivity was observed when comparing two RhII complexes
containing two diastereomers as the bridging ligands (Table 1.3, entries 4-5).89 The cis
isomer of the olefin resulted in higher enantioselectivity, compared to the trans isomer
(Table 1.3, entry 6-7).90
The formation of asymmetric products is made possible because the chiral group
of the bridging ligands protrude over the axial site. In the case of Rh2(S-MEPY)4 (Figure
1.27, a) the chiral methyl esters are protruding over the axial site.91 By defining a plane
that is perpendicular to the Rh–Rh bond, the ligands can be defined as protruding over
either the α or the β face (Figure 1.27, b). The methyl esters of Rh2(S-MEPY)4 are arranged
in an α, α, β, β orientation such that a “wall” is generated on one side of the axial site
(Figure 1.27, c). This “wall” blocks one face of the carbenoid from nucleophilic attack by
the olefin substrate resulting in an enantioselective reaction. Common small acceptor
diazo reagents, such as EDA, will have little to no preference for the ester orientation
which results in mixtures that are essentially racemic. As the alkoxy group of the diazo
reagent becomes larger, such as tBu or menthyl diazoester, the ester interacts with the
chiral ligand sphere resulting in higher enantioselectivity.
The effect is heightened when intramolecular reactions are conducted.
Intramolecular cyclopropanations are often used to facilitate the formation of lactones and
can be rationalized through the formation of a chair-like intermediate (Figure 1.27, d). The
folding of the chair happens opposite of the chiral wall due to increased steric interactions
between the wall and decomposed diazo compound. Further influence of the catalyst can
be seen with a preference for terminal alkenes. Internal substitution of the olefin results
in a higher energy intermediate due to the substituent (R1 Figure 1.27, d) oriented directly
into the paddlewheel structure.

1.1.4.2 RhII Complexes Derived from Prolinates
Prolinate complexes were first discovered by McKervey and co-workers and were
demonstrated to efficiently decompose diazo reagents.92

When applied to classic

acceptor diazo compounds, their selectivity was lower than that observed with
carboxamidates.93 The combination of reactive diazo reagent and reactive RhII
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Figure 1.27 a.) Carboxamidate Rh2(S-MEPY)4 b.) Designation of α and β faces based
on a plane perpendicular to the Rh–Rh bond c.) Substrate approach dictated by chiral
groups on bridging ligands d.) Folding of intramolecular reactions leads to higher
stereoselectivity
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carboxylate complexes generated a very reactive carbenoid species, which diminished
selectivity.

The prolinate catalysts gained notoriety with the development of

donor/acceptor diazo reagents.

The donor moiety stabilized the diazo reagent and

II

required more reactive Rh carboxylate complexes to facilitate diazo decomposition.20
As a means of facilitating the formation of enantiopure cyclopropanes, a series of
chiral RhII prolinate complexes were applied as catalysts, many of which resulted in high
enantioinduction (Figure 1.28).94 Substitution of the aryl sulfonyl did not have a large
influence on enantioinduction (Figure 1.28, 52a-e). A more profound effect was observed
when changing the solvent to pentane (Figure 1.28, 52b and 52c in parentheses). Acyclic
aryl sulfonates were examined but led to a drastic decrease in selectivity, indicating the
importance of the prolinate ring (Figure 1.28, 53a-b).

Further investigation of the

importance of the ring structure was examined with the picolinate and azetidecarboxylate
derivatives, 52f and 52g respectively. Each of these catalysts afforded the same ee of
81%, indicating that the five-membered prolinate seems to be preferred but not required.
The enantioselectivity of the reaction could be improved further (up to 98% e.e) by
reducing the reaction temperature (-78 °C) but could only be accomplished with 52c due
to solubility. No direct comparison of the yields of 52c at 25 °C and -78 °C were given.
However, lower yields were obtained with 52c at -78 °C when compared to reactions run
at 25 °C with 52b.
RhII prolinate complexes demonstrated further utility when reacted with another
donor/acceptor diazo compound wherein the vinyl group was replaced with an aryl ring.95
Cyclopropanation of styrene and methyl phenyldiazoacetate afforded high yields and
stereoselectivity that matched vinyldiazoacetate.

Again, high diastereoselectivities were

obtained with the RhII prolinate complexes Rh2(S-TBSP)4 (52b) and Rh2(S-DOSP)4 (52c).
Solvent again played a role as pentane resulted in more stereoselective reactions than
those conducted in DCM.

In addition to improving the stereochemical outcome of

reactions, the donor/acceptor diazo compounds also facilitated more chemoselective
reactions with RhII prolinate catalysts.93
Asymmetric induction once again relies on the orientation of the chiral groups of
the bridging ligand protruding over the axial site. It has generally been accepted that the
ligands of RhII prolinate complexes, such as Rh2(S-DOSP)4 (Figure 1.29, a), adopt an α,
β, α, β orientation.96 The high level of enantioinduction is believed to occur because the
protruding chiral groups minimize the possible approach vectors of the olefin substrate

50

Figure 1.28
complexes

Cyclopropanation of styrene and vinyl diazoacetates by RhII prolinate
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Figure 1.29 RhII carboxylate catalyst Rh2(S-DOSP)4 and b) the proposed orientation of
protruding bridging ligands responsible for enantioselectivity
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(Figure 1.29, b). In conjunction with the ligands, the alkoxy group of the carbenoid blocks
another angle of approach by the olefin substrate (Figure 1.29, b). The ester is positioned
in this quadrant due to the steric requirements of the phenyl ring.20, 97 Furthermore, the
bulk of the phenyl ring of the donor/acceptor carbenoid further restricts the approach of
the olefin substrate.98
Diastereoselectivity was predicted to rely on the approach of the olefin substrate,
which is dictated by the steric requirement of the olefin substrate. The olefin substrate
attacks in an end-on fashion which results in the bulkiest substituent being oriented away
from both the ester carbonyl and the plane of the Rh metal.13 Highly substituted olefins
result in poorer yields than terminal olefin substrates, which agrees with an end-on
approach of the substrate.

1.1.4.3 RhII Complexes Derived from N-protected Amino Acids
Another class of RhII carboxylate complex was originally developed by Hashimoto
and co-workers based on phthalimide protected amino acids. The first of these complexes
were derived from alanine, valine, and phenyl alanine.99

Davies and co-workers

developed similar catalysts that retained the phthalimide group and replaced the amino
acid group with an adamantyl (Ad) group (Figure 1.30).100 These complexes have seen
larger applications in the realm of C-H insertion reactions, but have also been applied to
cyclopropanation.101 In the standard cyclopropanation reaction of styrene and methyl
phenyldiazoacetate, the phthalimide catalyst Rh2(S-PTAD)4 (54a) gave comparable yields
to Rh2(R-DOSP)4 (87 and 85%, respectively) but in much lower ee (21% and 88%
respectively).102 Despite this unfavorable result, the RhII phthalimide catalyst Rh2(SPTAD)4 proved to be effective when donor/acceptor diazo reagents lacked a methyl ester
as the acceptor group (Figure 1.30). Each report showcased a range of different olefin
substrates that resulted in high yields of the cyclopropane product in highly
diastereoselective enantioselective transformations.103-106

In each instance, the

donor/acceptor diazo reagent contained an aryl donating group which is believed to play
a role in the high stereoselectivity.
The scope of diazo compounds was further expanded for this class of RhII catalyst
by Charette and co-workers in the cyclopropanation of styrene with acceptor/acceptor

53

Figure 1.30 Cyclopropanation of styrene with donor/acceptor diazo reagents with nonester EWGs by Rh2(S-PTAD)4
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diazo reagents. A comparison of different RhII phthalimide catalysts resulted in moderate
to good yields without high stereoselectivity (Figure 1.31).107 Even so, a trend was
observed that more sterically demanding R groups resulted in higher diastereoselectivity
(Figure 1.31, 54b-d). This trend was not observed for enantioselectivity. Decoration of
the aryl ring of the phthalimide group with halogens resulted in higher yields and great
stereoselectivity (Figure 1.31, 54e-h). It was stated that binding interactions between the
halogens and the π cloud of the aryl ring of the phthalimides made a more rigid chiral
pocket. This increased rigidity was cited as the cause of increased stereoselectivity.107
Other acceptor/acceptor diazo reagents were examined and overall good selectivity, both
dr and ee, was observed with each diazo reagent. Yet it was noted that the presence of
an aryl ketone was required to facilitate high selectivity, while the identity of the second
EWG was not as critical. Substitution of the aryl ketone resulted in a decrease in yield but
maintained high stereoselectivity.
Although a rationale for the high selectivity has been developed for this new class
of RhII catalyst, it is still being modified. When Hashimoto incorporated alanine or phenyl
alanine as the ligand precursors, the final RhII complex adopted the α, α, β, β orientation
like that observed with the carboxamidates synthesized by Doyle. However, incorporation
of sterically demanding groups such as the tBu group of Rh2(S-PTTL)4 (Figure 1.32, a),
afforded RhII complexes where phthalimide portion of the ligands were oriented in an α, α,
α, α manner (Figure 1.32, b).108 This orientation generates two unequivocal axial sites. A
“chiral crown” is formed by the phthalimide groups above one axial site, due to enantiopure
bridging ligands. The second axial site was thought to be catalytically inactive because
the tBu groups appeared to block the axial site. Based on the crystal structure, the
distance between each protruding phthalimide group in the “chiral crown” alternates
between long and short, which aids in stereoselectivity (Figure 1.32, c). The model for
selectivity put forth by Fox arises from the protruding groups of the bridging ligands
blocking two approaches of the substrate while the ester blocks a third. With these vectors
blocked, a single approach is possible (Figure 1.32, d).96 This model for stereoselectivity
was further supported by experimental results where Rh2(S-PTAD)4 resulted in higher
enantioselectivity during cyclopropanation compared to Rh2(S-PTTL)4. The reason for the
increased enantioselectivity was believed to arise from the bulkier Ad group more
effectively blocking the second axial site. This model found further support when a
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Figure 1.31 Cyclopropanation of styrene with acceptor/acceptor diazo reagents by
phthalimide RhII complexes
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Figure 1.32 Rationalization of stereoselectivity of RhII phthalimide complexes based
on ligand orientation
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carbenoid species of Rh2(S-PTTL)4 was crystallized and the α, α, α, α orientation was
observed .96
The crystallization of Rh2(S-PTAD)4 raised questions about the accepted method
of enantioinduction. The chiral crown was still present but solvent was bound to the axial
sites.108 This showed axial coordination at the “blocked” axial was indeed possible even
with sterically bulky Ad groups. To this point, the mode of enantioinduction was predicated
on solid-state structures rather than solution-based analysis. Solution-based data was
obtained by Charette and co-workers by analyzing Rh2(S-PTTL)4 by two-dimensional 1H
NMR.107 This analysis showed that the PTTL ligands underwent a dynamic process that
resulted in the rotation of at least one ligand. It was not determined if more than one ligand
had undergone rotation. It is possible that the catalyst adopted an α, β, α, β orientation or
possibly an α, α, α, β orientation.
The possibility of the α, α, α, β orientation affording high enantioinduction was
observed by Fox and co-workers through the synthesis of a heteroleptic carboxylate RhII
complex 55 (Figure 1.33).109 Replacement of a chiral ligand with an achiral ligand resulted
in a pseudo α, α, α, β orientation, where each phthalimide group surrounds the same axial
site. A comparison of the reactivity of the heteroleptic complex with the homoleptic variant
(Figure 1.33) showed that the heteroleptic complex 55 gave the desired cyclopropane in
higher yields and enantioselectivity than the homoleptic complex 54c. This trend was
observed with several different substrates. These combined results raised the question
as to which orientation catalytically active RhII phthalimide catalysts adopt in solution.
Furthermore, it demonstrated that a symmetrical axial site is not required for
enantioinduction

1.1.4.4 Recent Developments for Cyclopropanation of Olefins by RhII Carbenoids
The extension of intermolecular cyclopropanation reactions with carboxamidate
ligands was accomplished by Charette and co-workers with a phosphonate/cyano
acceptor/acceptor diazo reagent (Figure 1.34).110 When this reaction was attempted with
RhII prolinate and phthalimide complexes, high asymmetric induction was not observed.
In

contrast,

the

carboxamidate

catalyst

Rh2(S-IBAZ)4

afforded

high

yields,

diastereoselectivity, and enantioselectivity. The substitution of the phosphonate group
with the isosteric tBu ester also resulted in high yields and selectivity. Even more
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Figure 1.33 Comparison of homoleptic and heteroleptic RhII catalysts with different
ligand orientations
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Figure 1.34 Cyclopropanation of olefins with acceptor/acceptor diazo reagents by a
RhII carboxamidate complex
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impressive

was

the

cyclopropanation

of

allene

derivatives

to

afford

the

alkylidenecyclopropane, due to the low nucleophilic nature of allenes.
A new class of RhII carboxylate catalyst emerged as the Davies group developed
triarylcyclopropanecarboxylates as effective cyclopropanation catalysts (Figure 1.35, a).
The introduction of more steric bulk was achieved through the incorporation of
cyclopropane rings decorated with aryl groups. Interestingly, the key synthetic step in
ligand synthesis included asymmetric cyclopropanation of an olefin by a RhII catalyst. The
RhII triarylcyclopropanecarboxylate complexes adopted the same α, β, α, β orientation
proposed for Rh2(S-DOSP)4 (Figure 1.35, b) with the cyclopropane rings contributing to a
more rigid structure for Rh2(S-BTPCP)4 than the alkyl chains of Rh2(S-DOSP)4.111

The

rigid ligands generated a chiral box surrounding the axial site (Figure 1.35, c), reminiscent
of that proposed for Rh2(S-PTAD)4, but maintained two equivalent axial sites.
Initial investigation into reactivity for the cyclopropanation of styrene with methyl
styryldiazoacetate afforded higher yields and enantioselectivity compared to Rh2(SDOSP)4 (Table 1.4, entry 1 vs 3). The ligand conformation leads to reactivity similar to
phthalimide catalysts where diazo esters besides methyl diazo esters were
cyclopropanated in high yields and stereoselectivity (Table 1.4, entries 1 and 2 vs 3 and
4). Another distinguishing feature of the triarylcyclopropanecarboxylate catalysts is their
ability to be used at very low (.001 mol%) catalyst loading while still maintaining high yields
without a decrease in enantioselectivity (Table 1.4, entry 5).112 An in-depth kinetic study
demonstrated that RhII triarylcyclopropanecarboxylate complexes decomposed diazo
reagents slower than prolinate and phthalimide catalysts, but often resulted in an increase
in ee. The high stereoselectivity and low catalyst requirements have caused this new
class of RhII to be incorporated into catalyst screenings. The applicability of this new class
of catalyst was demonstrated with the formal synthesis of the commercial antiviral
Beclabuvir.

This had previously been reported and utilized Rh2(S-DOSP)4 for the

cyclopropanation step. Substitution of Rh2(S-DOSP)4 with Rh2(R-p-PhTPCP)4 improved
the enantioselectivity and with 1/200th of the catalyst required.
Progress in method development was made in the cyclopropanation of
heterocyclic compounds.

Davies and co-workers examined the cyclopropanation of

pyrroles and donor/acceptor diazo reagents with RhII carboxylate catalysts and found that
Rh2(S-DOSP)4 resulted in the highly enantioenriched doubly cyclopropanated product.

61

Figure 1.35 a) RhII triarylcyclopropanecarboxylate complex b) α, β, α, β orientation of
ligands c) The chiral box generated resembling RhII phthalimide complexes
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Table 1.4
Cyclopropanation
triarylcyclopropanearboxylates

of

styrene and
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styryldiazoacetates

by

RhII

However, the singly cyclopropanated pyrrole was not realized until later when the Rh2(Rp-PhTPCP)4 was applied as a catalyst and proceeded in a highly enantioselective manner
(Figure 1.36, a).113

In conjunction with pyrrole, cyclopropanation of furans and

donor/acceptor diazo reagents with Rh2(S-TCPTTL)4 led to the singly cyclopropanated
product because of the EWG substituent of the furan (Figure 1.36, b). This product was
further modified to generate derivatives of paraconic acids, which have demonstrated a
range of pharmacological and biological activity.114
The electrophilic nature of the RhII carbenoid often led to low yields with electron
deficient olefins, due to the decreased nucleophilicity of the olefin.

This made

incorporating electron withdrawing groups onto cyclopropanes difficult. Despite this trend,
cyclopropanation of electron deficient olefins was realized. One such class of substrate
includes the electron withdrawing acrylate derivatives that underwent cyclopropanation
with donor/acceptor diazo reagents (Figure 1.37).115 Incorporation of both aryl and styryl
diazoacetates afforded the ester cyclopropane with high stereoselectivity in 22 cases.
Rather than use electron deficient olefins, Reissig and co-workers introduced
electron withdrawing groups as part of the diazo reagent. These fluorinated species were
of particular interest in biological studies (Figure 1.38).116 High yields were obtained,
which is not surprising as activated olefins generally result in high yields.

No

enantioselectivity was achieved because only achiral catalysts were examined. A slight
preference for one diastereomer was observed and was dependent on the diazo reagent.
The major diastereomer was only identified in one example and was identified as the trans
isomer.
Charette and co-workers were able to incorporate fluorine with fluorinated olefins
using Rh2(S-BTPCP)4 (Figure 1.39).117 High yields required the presence of an aryl
substituent to enhance the nucleophilicity of the olefin (Figure 1.39, compare 57 to 58-59).
Even so, moderate yields of ester and bromo substituted olefins were obtained with great
diastereoselectivity and good enantioselectivity. Electronic perturbations of the aryl ring
of the donor/acceptor diazo reagents were well tolerated and provided good to excellent
yields (Figure 1.39, compare 60-62). The reaction of donor/acceptor diazo reagents was
overall more diastereoselective and enantioselective. In the case of the p-NO2 aryl diazo
reagent, a larger scale (2g diazo reagent) was accomplished and maintained its
stereoselectivity with an improved yield of 95%. Applying the same catalyst, the Charette
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Figure 1.36 Cyclopropanation of aromatic heterocycles by RhII complexes
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Figure 1.37 Incorporation of electron withdrawing groups onto cyclopropanes
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Figure 1.38 Incorporation of fluorine with fluorinated diazo reagents
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Figure 1.39 Select substrate scope of the cyclopropanation of α-CF3 styrene substrates
by Rh2(S-BTPCP)4
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group was able to synthesize mono-(halo)-methyl cyclopropanes, again achieving high
diastereoselectivity and enantioselectivity.118

It was then demonstrated that the

cyclopropane products could be functionalized further, resulting in biologically relevant
molecules.
Cyclopropanation of vinyl fluorides was accomplished with acceptor/acceptor
diazo reagents. Interestingly, RhII complexes afforded the desired halogenated product
while other common catalyst metals, such as Cu, resulted in no detectable product.119
Further investigation included the cyclopropanation of vinyl fluorides with allylic esters
using donor/acceptor diazo reagents.120

Additionally, the possibility of asymmetric

cyclopropanation was investigated by employing chiral RhII catalysts rather than the
achiral catalysts used previously. Prolinate catalysts were examined but were not as
selective as phthalimide catalyst Rh2(S-TCPTTL)4 (54f). Examination of the reaction
scope demonstrated that the reaction did not tolerate electronic perturbations well (Figure
1.40).

Both strong electron withdrawing groups and donating groups resulted in no

reaction or trace amounts of product (Figure 1.40, 63-65). However, smaller perturbations
by inductively withdrawing groups were more successful (Figure 1.40, 66-70). The yields
were variable, but high diastereoselectivity and enantioselectivity were observed in most
examples.
Installation of cyclopropane rings has found wide application in the synthesis of
biologically relevant molecules, with RhII complexes often being the catalyst of choice.
This can be seen by two recent synthesis of (-)-cycloclavine by the Wipf and Dong groups
(Figure 1.41).121, 122 Each group employed chiral RhII catalysts to facilitate the asymmetric
cyclopropanation of an olefin to establish the final cyclopropane ring. Wipf and co-workers
installed the cyclopropane ring early in the synthesis. Alternatively, the synthetic route by
Dong employed a late-stage cyclopropanation strategy, installing the cyclopropane ring at
the end. Dong’s synthesis provided an overall higher yield and required more steps,
although each route provided the enantiomerically pure product. High diastereoselectivity
was also observed in the synthesis of (−)-dendroside C Aglycon (Figure 1.42).123 The
cyclopropanation resulted in the common syn addition of the carbenoid, which set the
bridgehead chiral centers.

The stereochemistry of the alcohol substituent of the

cyclopropane ring was also established in this step.
The enantioselective total synthesis of piperaborenine B was realized by Fox and
co-workers through the synthesis of a bicyclobutane intermediate, which was then
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Figure 1.40 Select substrate scope of the cyclopropanation of vinyl fluoride substrates
by Rh2(S-TCPTTL)4
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Figure 1.41 Independent total synthesis of (-)-cycloclavine relying on RhII catalyst for
formation of cyclopropane ring
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Figure 1.42 Generation of cyclopropane ring in total synthesis of (-)-dendroside C
aglycon

72

expanded to the cyclobutane by nucleophilic attack (Figure 1.43).124 Previous work
towards the bicyclobutane 71 demonstrated that a maximum of 88% ee could be obtained
using a variety of RhII catalysts. Interestingly, the heteroleptic catalyst 72 developed by
Fox and co-workers afforded the desired bicyclobutane ring in 92% ee.

The

stereochemistry set in this step established three of the four stereocenters of the final
molecule. This provided another example where a complex with inequivalent axial sites
resulted in a higher ee than the symmetrical parent complex.
Another synthetic strategy involves the application of the donor/acceptor diazo
reagent styryldiazoacetate in an effective cascade sequence involving cyclopropanation
of the olefin, followed by a Cope rearrangement.125, 126 This well-established sequence
continues to see application towards the synthesis of natural products and biologically
relevant molecules.127 The formal synthesis of the enantiopure (-)-englerin A was realized
with this strategy using the achiral catalyst dirhodium(II) tetrakisoctanoate (Rh2(OOct)4)
(Figure 1.44, a).128 Two diastereomers were generated in high yield (90%) and were
separable by column chromatography, so further stereochemical optimization was
foregone. The same cascade was applied to the synthesis of terpene natural products.
Single diastereomers could be synthesized selectively based on whether Rh2(R-PTAD)4
or Rh2(S-PTAD)4 was chosen as the catalyst. This selectivity enabled the asymmetric
synthesis of the natural product (+)-barekoxide (Figure 1.44, b).129

The high

stereoselectivity achieved by this cascade is a result of both the high selectivity of the RhII
catalysts and preferred transition state of the Cope rearrangement when a cyclopropane
is present.127 An impressive display of stereoselectivity that can be achieved with this
strategy was the installation of 10 stereocenters in one reaction, two of which are
quaternary carbons. In conjunction, four new rings are generated in the cyclopropanation/
Cope rearrangement/ Diels-Alder cascade (Figure 1.44, c).130

The cyclopropanation

occurs twice and is followed by a selective Cope rearrangement, which facilitates the
Diels-Alder reaction to afford the final product.

1.1.5 Cobalt
One of the first examples of Co carbenoids for cyclopropanation reactions involved
Co complexes of camphor derivatives.

The oxime derivative facilitated the

cyclopropanation of styrene and EDA and was high yielding (Figure 1.45).131 In addition,
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Figure 1.43 Total synthesis of piperaborenine B that relies on a heteroleptic RhII catalyst
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Figure 1.44 Recent examples of the cyclopropanation/Cope rearrangement cascade
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Figure 1.45 Early example of cyclopropanation of styrene by a Co catalyst
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good enantioselectivity for both the trans and cis isomers was observed. However, the
trans and cis isomers were typically found to be present in equal amounts. Similar results
were obtained with 1,1-disubstituted olefins when at least one substituent was an aryl ring.
Electron deficient olefins resulted in low yields. Best results were obtained when reactions
were conducted in neat substrate, but dilution in select organic solvents could be tolerated
to a point (olefin concentration of ~ 3M).

1.1.5.1 Cyclopropanation with Co(II) and Co(III) Salen Complexes
Salen compounds were applied to generate Co(II) complexes that were tested as
cyclopropanation catalysts.132, 133 Application of chiral Co(II) salen complexes as catalysts
for the cyclopropanation of styrene and tBu diazo acetate resulted in good yield and
enantioselectivity of the trans cyclopropane (Figure 1.46). Increased yields and reaction
rates were achieved by the addition of N-methyl imidazole (NMI), while also enhancing
the ee of the favored trans isomer. Through systematic modification of the salen ligand,
Ikeno and co-workers determined that incorporating sterically demanding substituents on
the diamino backbone resulted in increased enantioselectivity (Figure 1.46, 75-77).133
Control of the trans:cis ratio was influenced by the group at the terminal α-keto position.
The acetyl group showed an increased selectivity for the trans isomer while esters
afforded the highest trans:cis ratio (Figure 1.46, compare 75, 78-79). The combination of
these findings led to the synthesis of 79 which afforded the highest yield (99%) and was
most selective (91:9 trans:cis, 96% ee trans). Salen complexes with a Co(III) metal center
were also investigated and afforded similar results to the optimized Co(II) complex, but
did not require an additive. Additionally, a lower catalyst loading (1 mol %) was found
sufficient and indicated the Co(III) is more reactive than the Co(II).
Further development led to salen complexes that incorporated axial chirality in
addition to the chiral centers of the diamine backbone (Figure 1.47). These catalysts
provided the same high yield and enantioselectivity observed with the previous series of
catalysts (Figure 1.46) but preferentially formed the cis isomer rather than the trans
isomer. The choice of enantiomer was made possible by changing the chiral center of the
diamine backbone (Figure 1.47, compare 81 and 82).134 Although the enantioselectivity
and cis:trans ratio are high, there was a drastic decrease in yield when the S enantiomer
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Figure 1.46 Cyclopropanation of styrene with Co(II) salen complexes
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Figure 1.47 Cyclopropanation of styrene and tBu diazoacetate with Co(II) salen
complexes with axial chirality

79

was used.

These catalysts afforded high yields and enantioselectivities without an

additive. However, introduction of a tethered imidazole group (Figure 1.47, 83) resulted
in a quantitative yield without a reduction in diastereo or enantioselectivity. It was believed
that axial coordination of the tethered imidazole was responsible for the increased yield.135
Based on the experimental results that have been obtained, a model was proposed
that rationalizes the high selectivity of Co(II) salen complexes (Figure 1.48).136 It was
believed that enantioselectivity was dictated by the chiral groups on the diamine
backbone. This was based on the observation that switching the chirality of the diamine
ring resulted in opposite enantiomers. This also indicated that the olefin approaches along
the Co–N bond.

The difference in the cis:trans ratio was then rationalized by the

orientation of the alkoxy group of the ester. With the aryl group of complex 81 present,
the alkoxy group is directed forward, which would promote olefin attack with the aryl, or
bulkiest substituent, on the opposite side (Figure 1.48, a). After clearing the diamine
backbone, it was then suggested that the olefin underwent a rotation. This rotation
resulted in the observed diastereoselectivity and enantioselectivity. Conversely, when the
salen ligand has a methyl substituent 84, the alkoxy group was able to be directed
backward. The olefin now approaches with the aryl group oriented to the now less
sterically congested side (Figure 1.48, b). A rotation of the olefin was again proposed to
afford the observed product.

1.1.5.2 Cyclopropanation with Co(II) Porphyrin Derivatives
Porphyrins are a class of macrocycle and comprise four pyrrole units that form a
pocket capable of binding many different metals (Figure 1.49). Changing the linker
between the heterocycles affords different porphyrin derivatives. One such derivative is
the corrin ring (Figure 1.49), which is most notably found in naturally occurring vitamin B12.
Vitamin B12 participates in a range of biological processes, often as a coenzyme.137 A
coenzyme is a non-protein compound that is required for an enzyme to be catalytically
active. Because vitamin B12 was the active site in an array of reactions as a coenzyme,
the organometallic complex was investigated as an independent catalyst. It was believed
the presence of chiral centers in proximity to the metal center could facilitate asymmetric
induction. When derivatives of vitamin B12 were applied to the cyclopropanation of styrene
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Figure 1.48 Rationalization for formation of the a) cis isomer over the b) trans isomer
and high enantioselectivity of Co(II) salen complexes
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Figure 1.49 Structures of porphyrin and corrin macrocycles
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with EDA, it was found that the cyclopropane product was generated in high yields (Figure
1.50).138 The cyano derivative with a formal Co(I) center resulted in only moderate yields.
The chiral centers did result in the cis isomer being favored, but not by a large margin.
Likewise, slight enantioselectivity was observed, but was close to racemic. Another
defining feature of these reactions was the absence of the homocoupled dimer product.
No techniques, such as excess olefin or slow addition of diazo, were required to prevent
the formation of the homocoupled dimer product. These examples demonstrated that Co
corrin complexes were capable catalysts for the cyclopropanation of olefins, but the chiral
centers were not positioned to induce highly enantioenriched products.
Building off the success of vitamin B12 derivatives, Co(II) porphyrin catalysts were
developed by Zhang and co-workers (Figure 1.51).139, 140 The tetraphenyl Co(II) porphyrin
87 proved to be an effective catalyst for the formation of the cyclopropane product, even
showing moderate diastereoselectivity. Incorporation of chiral groups at two of the meso
positions (R, Figure 1.51) resulted in enantioinduction without any increase in the
diastereomeric ratio (Figure 1.51, 85-86). It was noted that the presence of the methoxy
ether resulted in the highest enantioselectivity of the major trans isomer. Improvements
to diastereoselectivity were obtained by implementing a rigid cyclopropane ring but only
modest enantioselectivity was observed (Figure 1.51, 88).

To mimic vitamin B12

derivatives, which were more enantioselective, 4-dimethylaminopyridine (DMAP) was
added to generate a pentacoordinate Co metal. The additive resulted in a decrease in
yield but nearly doubled the ee of three different catalysts (Figure 1.51, results in
parentheses).

Examination of different additives and solvents revealed that a trans

influence was present. It was hypothesized that the coordination of the additive resulted
in the rigidification of the complex, resulting in a more structured chiral pocket.141
Introduction of another chiral center through the use of an aziridine ligand did not result in
improved enantioselectivity (Figure 1.51, 89). Rather, a decrease in enantioselectivity
was observed.
Further catalyst development involved modification of the achiral aryl groups and
probing different chiral groups (Figure 1.52).142 Insight into the electronic effect of the
achiral aryl groups was gained by the addition of methoxy substituents (Figure 1.52, 90a92a), while the introduction of tBu groups (Figure 1.52, 90b-92b) were incorporated to
investigate steric influence. The methoxy groups led to an increase in the cis:trans ratio
in each instance with concomitant lowering of the yield, as compared to 87. A less
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Figure 1.50 Vitamin B12 derivatives used as cyclopropanation catalysts
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Figure 1.51 Cyclopropanation of styrene by Co(II) porphyrin complexes
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Figure 1.52 Investigation of the influence of the achiral aryl groups of porphyrin Co(II)
complexes
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substantial increase in cis:trans ratio was observed with the introduction of the tBu groups,
indicating that electronics had a larger influence on selectivity. When p-toluenesulfonyl
diazo reagents were applied, high diastereoselectivity was observed for each catalyst.143
No additive was included in these reactions and high selectivity was still maintained.
The Zhang group then investigated the influence of the position of the chiral group.
A bridging ligand with axial chirality positioned the chiral groups above the active site
rather than on the side (Figure 1.53).144 This was done as a means of generating a chiral
pocket around the metal center. Different carbon lengths between the bridging binaphthyl
group and the amides were investigated to modify the distance between the chiral group
and the metal center. When no methylene units were incorporated, no reaction was
observed (Figure 1.53, 93a). Lengthening the chain resulted in high yields of the desired
cyclopropane product. However, a decrease in ee was observed as the linker was
extended (Figure 1.53, 93b and 93c). This indicated that a linker is needed to allow room
for carbenoid formation, but distancing of the chiral moiety prevented chiral induction.
In each of the previously discussed examples of Co(II) porphyrin catalysis, no
techniques were employed to minimize the formation of the homocoupled dimer product.
Yet it was observed that cyclopropanation of diazo compounds with Co(II) porphyrin
complexes does not generate appreciable amounts of the homocoupled dimer products.
This is believed to result from the Co(II) porphyrin complexes proceeding through a
slightly different mechanism, compared to other metals.

Although Co(II) porphyrin

complexes proceed through a carbenoid intermediate, it should be noted that the
carbenoid has two different binding modes. One binding mode involves the participation
of the porphyrin ligand to generate a “bridged carbene” (Scheme 1.3).41 Alternatively, the
carbene can bind solely to the Co metal center generating a “terminal carbene” (Scheme
1.3). The terminal carbene results in the formal oxidation of the Co resulting in a free
radical localized on the carbene carbon. The radical then reacts with the styrene substrate
leading to a metalloradical complex. Termination of the radical results in the formation of
the cyclopropane product and reduction of the Co(III) center. The formation of the radical
intermediate was also demonstrated experimentally for salen Co(II) complexes.145
Direct research into why the catalysts with bridging chiral groups are
stereoselective is limited, but it can be rationalized based on comparison to analogous Fe
porphyrins.146 It is believed that diastereoselectivity is dictated by the lower portion of the
bridging ligand. Preferential positioning of the diazo reagent leads to the high
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Figure 1.53 Cyclopropanation by Co(II) porphyrin catalysts with bridging chiral ligands
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Scheme 1.3
complexes

Radical mechanism for cyclopropanation with the Co(II) porphyrin

89

diastereoselectivity (Figure 1.54). The upper portion of the bridging ligand, in combination
with the steric requirements of the substrate, then dictates the absolute configuration of
the final product. The selectivity of Co(II) porphyrin complexes without a bridging ligand
was postulated to arise from H-bonding. This is based on the increased enantioselectivity
observed when the chiral group contained oxygen as a H-bond acceptor, which would lock
the ligand into a specific conformation (Figure 1.55, a). High enantioselectivity was also
observed when the chiral group was locked in place using a cyclopropane ring. When the
oxygen H-bond acceptor was replaced by nitrogen, the enantioselectivity was drastically
reduced.147

Another H-bond between the N–H bond of the amide and the carbonyl

oxygen of the diazo reagent is believed to influence reactivity of these complexes (Figure
1.55, b). This bonding interaction stabilizes the radical intermediate and is cited as the
reason for the porphyrin complex’s exceptional reactivity. This same interaction has been
invoked as a possible explanation for the increased diastereoselectivity.

1.1.5.3 Recent Advances in Cyclopropanation with Co(II) Complexes
In 2014, a Co(II) salen catalyst was developed for the cyclopropanation of
disubstituted olefins. Different 1,1-disubstituted olefins were examined and proceeded
with high enantioselectivity (Figure 1.56). The trans isomer was the favored diastereomer
in each case investigated. The usefulness of this methodology was showcased in the
synthesis of the dual inhibitor of serotonin and norepinephrine reuptake, (+)-synosutine.148
Further application of Co(II) salen complexes was found for the cyclopropanation of
electron deficient heterocycles, resulting in dearomatization (Figure 1.57).149 The Co(II)
salen complexes favored the formation of the cis isomer, rather than the trans observed
with similar salen complexes, and gave enantiomeric ratios (er) up to 95%. Further
examples investigating the scope of the reaction gave moderate to great yields (45-91%).
Each substrate afforded the cis product as the major isomer and most ers were above
90:10.
Zhang and co-workers expanded the number of Co(II) porphyrin catalysts by
incorporating different substituents on the cyclopropane ring (Figure 1.58, a).

This

introduced another chiral center in an effort to improve enantioinduction. These catalysts
were then screened with various acceptor/acceptor diazo reagents (Figure 1.58, b). The
optimal catalyst was based on which catalyst afforded the best combination of yield,
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Figure 1.54 Source of diastereoselectivity and enantioselectivity with bridged porphyrin
Co complexes based on analogous Fe porphyrin complexes
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Figure 1.55 H-bonding interactions that facilitate asymmetric induction of Co(II)
porphyrin catalysts
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Figure 1.56 Cyclopropanation of 1,1-disubstituted olefins with Co(II) salen catalyst and
application towards total synthesis
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Figure 1.57 Cyclopropanation of heteroaromatic olefins with Co(II) salen complexes
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Figure 1.58 Recent examples of a) Co(II) porphyrin complexes and b) their
application in asymmetric cyclopropanation
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diastereoselectivity, and enantioselectivity. When these parameters were considered the
most suitable catalyst was often the dimethyl cyclopropane substituent (91b).

High

diastereoselectivity and enantioselectivity were observed with aryl olefins and even
electron deficient acrylates.150, 151 Another large step was made in the cyclopropanation
of olefins with diazo reagents containing an aldehyde acceptor group.152 This is the first
example of incorporating an aldehyde in such a manner. It was also demonstrated that
this class of catalyst was capable of intramolecular reactions in addition to intermolecular
reactions.153 Again, a range of different acceptor functionalities were used in conjunction
with the ester.
A new series of Co porphyrin catalysts was developed wherein the chiral pocket
was replaced with a cage extending directly over the Co metal (Figure 1.59).154 The
bridging ligand does not prevent catalytic activity. Rather, the cage complexes 97 and 98
resulted in an increased yield and enantioselectivity compared to the established complex
91b. The cage appeared to be instrumental for obtaining high ees as the pocket of
complex 99 did not have high ees. The diastereoselectivity of these catalysts was very
high, with the trans isomer predominating for each catalyst
Application of cyclopropanes synthesized by Co(II) porphyrin complexes was
realized in pharmacological structure-activity relationship (SAR) experiments. The olefin
2-vinylpyridine was effectively cyclopropanated as a means of achieving the desired
enantiomer (97% ee) of the potential agonist (Figure 1.60).155 Previous methods for
synthesizing similar cyclopropanes with other metals suffer due to coordination of the
pyridine moiety, yet a good yield (69%) was achieved.

1.1.6 Iridium
1.1.6.1 Cyclopropanation with Ir(III) Salen Complexes
Early investigations demonstrated that Ir could decompose diazomethane to afford
dinitrogen, ethylene, and other side products. This was corroborated later in the formation
of Ir carbenoid complexes that were studied via crystallography.156 The application of Ir
towards cyclopropanation was observed more recently than the other metals that have
been discussed. In 2016, Ir salen complexes were applied by Katsuki and co-workers for
the cyclopropanation of styrene with diazo reagents (Figure 1.61).157 The initial
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Figure 1.59 Bridged Co(II) porphyrin catalysts for cyclopropanation of styrene

97

Figure 1.60 Application of cyclopropane generated by Co(II) porphyrin catalysts for SAR
studies
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Figure 1.61 Cyclopropanation of styrene with Ir(III) salen complexes
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investigation of the cyclopropanation of styrene with tBu diazoacetate with an Ir(III) salen
complex afforded the cis isomer as the major product (>99:1 cis:trans) and achieved high
enantioselectivities (>90% ee) when low temperatures were maintained.158
enantioselectivity was also observed when EDA was the diazo reagent.

High

The Ph

substituent on the naphthyl ring of complex 100 was believed to be responsible for high
diastereoselectivity and enantioselectivity. Replacing the Ph group with a hydrogen atom
affords complex 101 and resulted in a less stereoselective reaction.

This was

accompanied by a decrease in yield. Complex 103, the diastereomer of complex 100,
demonstrated a preference for the opposite enantiomer of the trans isomer. Interestingly,
the yield and diastereoselectivity were much lower. No major change in reactivity was
observed when the apical ligand was changed to another aryl hydrocarbon (Figure 1.61,
compare 100 and 102). It is worth noting that these results are similar to a Co(II) complex
that incorporated a similar salen ligand (See Figure 1.47). Having established the complex
as an efficient catalyst, the scope of olefins was expanded to cyclic and substituted olefins.
The introduction of multiple substituents on the olefin led to a decrease in the yield and
selectivity with 1,1-disubstituted olefins and only trace amounts with 1,2-disubstiuted
olefins.
The Ir(III) salen catalyst 101 was also applied by the Katsuki group in the synthesis
of natural cyclopropane fatty acids.159 Cyclopropane fatty acids are a class of compounds
that have been observed in many natural products and have demonstrated antibacterial
and antifungal activity.160 The Katsumi group was able to apply their Ir salen catalyst to
generate the cyclopropane in good yields (Figure 1.62). More impressive than the yield
was the high enantioselectivity (98% ee) for the desired cis isomer.

1.1.6.2 Recent Advances in Cyclopropanation with Ir(III) Complexes
Iridium porphyrin complexes were also shown to be effective catalysts for the
cyclopropanation of olefins. The reactivity of each complex was heavily reliant on the
coordinating ability of the apical ligands.161 High diastereoselectivity for the trans product
was observed but was not enantioselective. The use of porphyrin complexes had been
made enantioselective by using natural and modified enzymes as catalysts. Just as
vitamin B12 is a coenzyme, porphyrin complexes with various metal centers have been
installed as coenzymes as a means of facilitating abiological reactions.162 In this process,
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Figure 1.62 Asymmetric cyclopropanation of olefins with EDA by an Ir salen complex
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researchers harnessed the high selectivity of enzymes for the synthesis of commodity
chemicals, rather than biologically relevant compounds.

One such example from Key

and co-workers incorporated Ir into the porphyrin ring of mutated enzymes.163 When the
mutated enzymes were applied as a catalyst for the cyclopropanation of styrene with EDA,
the enzymes were highly diastereoselective for the cis isomer (Table 1.5, entries 1-2).
Furthermore, both enantiomers could be synthesized selectively with high fidelity (98%
ee) based on which mutant enzyme catalyst was employed. This is contrasted by applying
the free Ir(Me)-PIX coenzyme, which preferentially showed a slight preference for the trans
isomer and was not enantioselective (Table 1.5, entry 3). Substituted aryl olefins and
functionalized olefins afforded good to high yields while aliphatic olefins, terminal or
internal, were low yielding.

Applying the same mutant enzymes to different olefin

substrates was not successful. Rather, new mutant enzymes were synthesized to match
different olefin substrates to maintain the high diastereoselectivity and enantioselectivity.

1.2 Research Motivation
It is evident that cyclopropanation continues to be the focus of research, as
evidenced by the new applications. Examples of each metal facilitating cyclopropanation
with high yields and in a highly stereoselective manner are known. It should be noted that
the success of each metal is highly dependent on the ligand and diazo reagent. Each set
of catalysts has its own set of strengths and weaknesses. Copper complexes are often
inexpensive and ligand scaffolds that afford high enantioselectivity are easily accessible.
On the other hand, Cu catalysts often require the use of acceptor diazo reagents. This
limits the diversity of compounds that can be synthesized. Further synthetic limitations
can result from the propensity of olefins to coordinate Cu, resulting in catalyst inhibition.164
Ag complexes have been applied towards cyclopropanation, but the yields are
often lower due to side reactions. Furthermore, these reactions are often not asymmetric
due to the lack of chiral Ag catalysts.

Au complexes afforded enantioselective

cyclopropane products but often suffered from low yields due to the formation of undesired
side products.

Cobalt complexes are promising candidates for cis-selective

cyclopropanation, rather than the more common trans isomer, and are generated in an
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Table 1.5 Protein structure of Fe-CYP119 (Image obtained from PDB 1107) and the Ir
coenzyme used to replace the Fe coenzyme as a catalyst for cyclopropanation
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enantioselective manner. Furthermore, the natural abundance of Co makes it desirable
as a means of limiting costs. The generation of a radical intermediate may limit functional
group tolerance and would, therefore, benefit from catalysts that can also generate the cis
isomer via the traditional metal carbenoid.
Of the metals applied in this reaction, it can be argued RhII catalysts are the most
popular. The judicious choice of bridging ligand provides impressive control over both the
electronic nature and steric environment around the catalytically active axial site. This
control has enabled the use of a wider range of diazo reagents, which facilitates the
introduction of a wider range of functionality. Although Rh is an expensive noble metal,
the high activity of RhII allows for low catalyst loading, even with more complex olefin
substrates. The stability of the RhII complex has also enabled the catalyst to be recycled
or incorporated into flow reactors.165 These recycling conditions also help lower the
amount of Rh required.
Much of the development of RhII complexes has been achieved by using bridging
ligands as the control element. This is often in the form of a homoleptic RhII complex
where each bridging ligand is the same. Most research has been dedicated, as can be
seen in section 1.1.4, to the introduction of chiral ligands for asymmetric induction.
Additionally, the ligands are often carboxylate type ligands which results in minimal
change to the Rh metal centers. This causes each catalyst to have similar reactivity with
regards to chemoselectivity. As RhII catalysts can facilitate a wide array of reactions, a
means of controlling chemoselectivity is required. A semblance of chemoselectivity can
be achieved through sterically bulky bridging ligands.

These sterically cumbersome

ligands dictate that the least sterically hindered reactive functional group on a substrate
will react first. However, this limits the applicability of these catalysts as chemoselectivity
is determined by the substrate.
Chemoselectivity, with regards to preventing the undesired homocoupling of the
diazo reagent, has also been controlled to a certain extent. An excess of olefin is one
method but is less viable when using hard to synthesize late-stage olefin substrate. This
often mandates cyclopropanation occurring early in synthesis strategies or sacrificing
large quantities of late stage materials. High olefin concentrations are often coupled with
the slow addition of diazo reagent, thereby minimizing amount of diazo reagent present.
The slow addition requires more equipment, but most importantly, requires more time.
One, or a combination, of these techniques has been employed in all but a few examples
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provided in this chapter. It is desirable that chemoselectivity be controlled by the catalyst,
which can be accomplished through modifying the electronics of the Rh metal, and thereby
the carbenoid.
We hypothesized that electronic control of the carbenoid could be achieved by
axial coordination. Coordination of one axial site by a LB should result in electronic
communication through the Rh–Rh bond, thereby modulating the RhII carbenoid species
at the other axial site. By controlling the donating strength of the LB, the electronics of the
catalyst, and subsequently the carbenoid, could be finely tuned. A less electrophilic
carbenoid is expected by selecting a more electron donating LB. Conversely, weaker LB
donors could be employed to facilitate a more electrophilic carbenoid. This tuning is then
expected to result in control of chemoselectivity, such as favoring cyclopropanation over
the formation of the homocoupled dimer of the diazo reagent. This would be similar to the
control of chemoselectivity observed by changing the bridging ligands (see section 1.1.4).
Our overarching research goal is the synthesis of heteroleptic complexes of the
formula Rh2A3B, where A and B are different bridging ligands. Ligand A would be common
ligands from proven chiral catalysts such as Rh2(S-PTAD)4 or Rh2(S-MEOX)4, while ligand
B would contain a tethered LB. The combination of the two ligands is predicted to combine
the benefits of the proven chiral ligands and the predicted chemoselectivity from axial
coordination.

This combination is expected to allow highly enantioselective

transformations of complex substrates in a directed manner. Controlling chemoselectivity
through axial coordination of the catalyst would eliminate, or mitigate, the need for
protecting groups.
Axial coordination of exogenous Lewis bases (LBs) resulted in increased
enantioselectivity of cyclopropanation reactions with other metals (see section 1.1.5).
Examples in the literature show contradictory results upon the addition of LBs to
cyclopropanation reactions using RhII catalysts.

In some instances, a decrease in

enantioselectivity and yield is observed. In other examples the yield remained unchanged
but was more enantioselective.

These studies bring into question the role of axial

coordination and its effect on enantioselectivity. The synthesis of the proposed RhII
complexes would also provide for a more direct study of axial coordination with regards to
enantioselectivity. Through this understanding, it may be possible to harness the benefits
of axial coordination, while avoiding the disadvantages.
Before synthesizing the chiral RhII described above, we first sought to synthesize
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a series of novel heteroleptic RhII complexes with achiral acetate groups (Ligand A) and a
ligand with a tethered LB (Ligand B). These complexes would allow us to validate the
hypothesis that axial coordination can be used to tune the RhII carbenoid. Chapter two
focuses on developing the synthesis of these novel complexes and their characterization.
Different spectroscopic techniques were conducted to ascertain if axial coordination was
present. Electrochemical experiments were also conducted to determine if electronic
information could be transmitted through the Rh–Rh bond. Chapter three outlines the
application and evaluation of the complexes as catalysts in the cyclopropanation of olefins
with different diazo reagents. Chapter four provides all the relevant experimental
procedures. Finally, all the corresponding NMR spectra and crystallographic information
are in the appendices.
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Chapter 2 Synthesis and Characterization of Thioether
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2.1 Abstract
RhII complexes have seen extensive use as catalysts for the decomposition of
diazo compounds to generate reactive carbenoid species. The reactivity of the RhII
complexes has traditionally been controlled through the bridging ligands, while
investigations of using the axial site as a control element have been limited. A series of
RhII complexes equipped with an oxazolidinone bridging ligand containing a tethered
thioether have been synthesized. The tethered thioether was designed to coordinate to
the axial site as a means of tuning the reactivity of the carbenoid species. Oxazolidinone
ligands were synthesized via modified or established procedures from different amino acid
starting materials. Different methods for exchanging the oxazolidinone ligand for an
acetate of Rh2(OAc)4 were investigated. It was determined the use of a Soxhlet and
microwave method provided the desired complexes in suitable yields for further testing.
Select spectral and electrochemical studies were then conducted to investigate the
properties of these catalysts and identify axial coordination of the tethered thioether.

2.2 Introduction
2.2.1 Synthetic Methods for RhII Complexes
The first synthesis of a RhII complex was that of Rh2(OAc)4 (Figure 2.1, a). Upon
refluxing RhCl3 trihydrate in glacial acetic acid, the Rh(III) was reduced to Rh(II),
generating Rh2(OAc)4.166 Conversely, an oxidative pathway had been developed for the
synthesis of RhII formamidate complexes starting from a Rh(I) species (Figure 2.1, b).
These complexes typically only contained two bridging ligands. The remaining equatorial
sites were occupied by solvent molecules and resulted in a cationic complex.167, 168 The
most common method of RhII complex synthesis relies on the substitution of the acetate
ligands of Rh2(OAc)4 (Figure 2.1, c).76 Although the acetate groups are kinetically inert at
room temperature, heating Rh2(OAc)4 in the presence of a different carboxylate ligand
facilitates ligand exchange. This exchange could be promoted by the addition of a base.
Exchange of carboxamidate ligands proved more difficult and required the ligand to be
melted, followed by the addition of Rh2(OAc)4.169
A leading technique for synthesizing RhII complexes, with either carboxylate or
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Figure 2.1 Examples of the synthesis of RhII complexes from a) Rh(III) b) Rh(I) and c)
Rh(II).
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carboxamidate ligands, involves manipulation of the equilibrium of the ligand exchange
reaction. This is accomplished with the unconventional application of a Soxhlet apparatus.
Traditionally, the thimble of a Soxhlet apparatus would be charged with a reagent that is
moderately soluble in the reaction solvent. This facilitates the slow addition of the reagent
and minimizes the amount of solvent required (Figure 2.2, left). When utilizing a Soxhlet
apparatus for the synthesis of RhII complexes, the reaction flask is charged with
Rh2(OAc)4, the new ligand, and a non-coordinating solvent (Figure 2.2, right). As the
reaction progresses, acetic acid is generated after being displaced by the new ligand.
Chlorobenzene (PhCl) is typically chosen as a solvent because it is a non-coordinating
solvent which forms an azeotrope with acetic acid. This azeotrope then travels up the
Soxhlet and is neutralized after condensing into the thimble charged with sodium
carbonate. The removal of the acetic acid from the reaction mixture, in conjunction with
an excess of the desired ligand, facilitates the complete substitution of bridging acetate
ligands.
In addition to Rh2(OAc)4, several other RhII derivatives, such as dirhodium(II)
tetrakistetratrifluoroacetate (Rh2(TFA)4) and dirhodium(II) tetrakiscarbonate (Rh2(CO3)4),
have found use as starting materials for ligand exchange.84, 170 In the case of Rh2(TFA)4,
the inductively withdrawing fluorine atoms cause the TFA group to be a better leaving
group than acetate. The increased lability of the ligand allows for ligand exchange at room
temperature.

2.1.2 Mechanism of Ligand Exchange
Despite the wide application of the ligand exchange of Rh2(OAc)4, questions about
the exact mechanism remain. It is believed that the initial step is the coordination of the
new ligand to the axial site (Figure 2.3, Intermediate II). This is predicated on the ease
with which Rh2(OAc)4 forms adducts with Lewis bases at the axial site.171,

172

The

association of the ligand at the axial site is then believed to facilitate the displacement of
the acetate ligand. Support for this mechanism was observed by NMR in the synthesis of
RhII complexes with orthometallated phosphines, although the more electrophilic RhII
precursor Rh2(TFA)4 was used.173

The associative mechanism may not be the only

pathway, as a dissociative pathway is also plausible (Figure 2.3, Intermediates IV and V).
Different binding modes have been discovered through the synthesis of RhII
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Figure 2.2 Application of a Soxhlet apparatus via the conventional method (left) and
modified method (right) for ligand exchange of RhII complexes
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Figure 2.3 Proposed mechanism for ligand exchange of Rh2(OAc)4 involving axial
coordination

112

complexes. These complexes provide further insight into possible intermediates during
ligand exchange. This includes RhII complexes where an acetate group, or another ligand,
is bound both axially and equatorially (Figure 2.4, a).174

During the synthesis of

orthometallated phosphines, it was possible to track the transition from an axial-equatorial
bound ligand to an equatorial-equatorial bridging ligand. Furthermore, RhII complexes
have been observed where the new bridging ligand binds to two equatorial sites but does
not bridge both Rh metal centers (Figure 2.4, b).175 In most instances, these binding
modes are observed when strongly coordinating bridging ligands are employed.
Regardless of the ligand exchange pathway, it has been demonstrated that
carboxamidate ligands exchange in sequential order. Each of the mono, bis, tris, and
tetra-substituted complexes were identified and tracked via HPLC.176 The displacement
of acetates becomes harder as more substitutions occur. Despite these accepted steps,
it remains ambiguous whether an associative or dissociative mechanism governs the
reaction.

2.1.3 Isomers of RhII Complexes
Substitution of the bridging ligand will generate a mixture of substitution products
regardless of equivalent or inequivalent donating atoms, such as carboxylates and
carboxamidates respectively. A more complex mixture is generated when the donating
atoms are inequivalent, due to the presence of different isomers. This is well illustrated
by considering carboxamidate bridging ligands with both oxygen and nitrogen as donating
atoms (Figure 2.5, a). These isomers are classified by the number of each nitrogen and
oxygen atom surrounding a single Rh atom.

Each of these isomers have been

synthesized, and it was determined the thermodynamically favored isomer was the cis(2,2) isomer.170, 171
The formation of bis-substituted complexes gives rise to an even more complex
mixture of isomers.170, 171 This can again be illustrated with carboxamidate ligands. If both
nitrogen atoms are bound to the same Rh atom, the isomer is said to be in the anticonfiguration. Conversely, it is labeled syn when both N atoms are bound to the same Rh
(Figure 2.5, b). Additional isomers arise in the case of the cis-anti configuration due to
rotational isomerism. Consider a mono-substituted RhII complex with the carboxamidate
pointed down (Figure 2.5, c). Another ligand can then be added, either on the left or the
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Figure 2.4 RhII complexes exhibiting a) axial/equatorial and b) non-bridging equatorial
binding modes
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Figure 2.5 Possible isomers from substitution with non-equivalent donor atoms.
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right side. These two isomers can be differentiated by imagining the rotation of the ligand
going downward, so that it aligns with the second ligand. Rotation in the clockwise
direction indicates the P-cis-anti isomer while counterclockwise rotation indicates the Mcis-anti isomer.

2.1.4 Synthesis of Heteroleptic RhII Complexes
Heteroleptic complexes have been synthesized but are not as prevalent as
homoleptic catalysts. One technique for synthesizing heteroleptic complexes involves the
synthesis of a mixture of complexes with the formula Rh2(OAc)n(TFA)4-n, starting from
Rh2(OAc)4. These heteroleptic complexes then became the starting material for another
ligand exchange reaction. The electron withdrawing TFA ligand is preferentially displaced
over the acetate ligands, which enables a degree of control over the number of ligand
substitutions (Figure 2.6, a). This method was employed by Lou and co-workers to
synthesize many of the isomers discussed previously using a urea-based bridging
ligand.170 This process affords higher reported yields of the desired catalyst but still relies
on the formation and separation of a statistical mixture. It also adds steps to the synthesis.
Heteroleptic complexes where one bridging ligand is not an acetate ligand have
also been realized. This method involves the synthesis of a homoleptic complex to
introduce the first desired ligand (Figure 2.6, b). This homoleptic complex becomes the
starting material in another ligand exchange reaction with the second ligand of interest.
This method was investigated by the Fox group to generate a heteroleptic catalyst.109 A
moderate yield of the mono-substituted product was obtained but required long reaction
times. Unlike ligand displacement with Rh2(OAc)4, the PTTL ligand does not azeotrope
with the solvent and is not removed from the reaction mixture. It is plausible that this aided
in the formation of the heteroleptic product, because the equilibrium is not being shifted
forward by removal of the original ligand.
Yet another method of synthesizing heteroleptic complexes is the addition of
multiple ligands to a solution of Rh2(OAc)4 (Figure 2.6, c). Controlling the substitution of
the final product is difficult. The only influence over the substitution comes from dictating
the relative concentration of each of the ligands. Even when ligand concentration is
controlled, the product mixture is more heavily influenced by the ease of which each ligand

116

Figure 2.6 Different methods used to synthesize heteroleptic RhII complexes
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displaces the acetates of Rh2(OAc)4. This methodology was employed by Charette and
co-workers for the synthesis of heteroleptic RhII complexes of the type Rh2(A)2(B)2.177 Two
equivalents (based on Rh2(OAc)4) of both ligand A and B were added to refluxing
Rh2(OAc)4 in PhCl, and resulted in a mixture of products. This method proved effective
because the polarity difference between each complex was sufficient to allow for the
separation of the complex mixture of products. The same methodology was also shown
to work with other known N-protected amino acid ligands.

2.3 Catalyst Design
Investigation of the axial site as a means of catalyst control required a catalyst
where axial coordination would not require the addition of exogenous LB. To this end, we
believed tethering the LB to a bridging ligand would be the most effective method. Both
Bera and Ball had previously synthesized heteroleptic RhII complexes with tethered
groups that coordinated to the axial site.178, 179 The bridging donor atoms do not dissociate
readily and, therefore, keep the LB proximal to the axial site, even if the LB dissociates.
This chelate effect will increase the local concentration of the LB at the axial site without
the need for high concentrations of exogenous LBs. Taking inspiration from these
complexes we began designing ligands that could eventually be incorporated onto already
established, successful, chiral RhII catalysts. When synthesizing the novel complexes,
mono-substitution was desired (Figure 2.7, left). The formation of the mono-substituted
product would result in the formation of a single isomer, rather than a complex mixture.
Additionally, a mono-substituted product would only result a single axial site being
blocked. This would leave the remaining axial site open for catalysis.
The primary concern when considering which bridging ligand to employ was the
promotion of axial coordination. It was believed that this could be achieved by a rigid back
bone, which would anchor the LB near the axial site. The incorporation of a ring system
was believed to be an effective method of incorporating a rigid ligand. A variety of cyclic
carboxamidates have been incorporated as bridging ligands, unlike cyclic carboxylates.
As such, carboxamidates were predicted to be the most suitable for incorporating cyclic
bridging ligands (Figure 2.7, right).
Two of the most prominent cyclic carboxamidate ligands were based on pyrrole
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Figure 2.7 General catalyst design (left) and target oxazolidinone ligands (right) with
the bridging donor atoms (pink), tether (red), and LB donor (blue).
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and oxazolidinone ligands. The electron donation from the nitrogen of these ligands
resulted in less electrophilic RhII complexes. As a result, the RhII complex may decompose
diazo reagents so slowly that reaction times are too long to be practical. This would be
compounded by additional electron donation from the axially coordinated Lewis base.
Oxazolidinates were predicted to mitigate this issue regarding the electrophilicity of the
RhII complex. The oxazolidinone moiety is less basic than the similar pyrrolidinone, due
to the inductively withdrawing oxygen, and is expected to increase the electrophilicity of
the RhII complex.
Consideration was then given to the identity of the LB donor group. Nitrogenbased ligands, such as amines and nitrogen heterocycles, came to mind as good
candidates and have been examined as solvent as well as additives. However, these
often resulted in decreased reaction rates due to their strong binding to the axial site, but
also resulted in increased stereoselectivity.180 Phosphines are another common Lewis
base for modulating a metal center and were investigated as exogenous ligands but were
shown to decrease the reaction rate.181 Conversely, weaker LB donors such as esters
were incorporated as additives and resulted in enantioselectivity being increased without
a drop in yield.182

Based on these observation, weaker donors were considered.

Thioethers were identified as good candidates and had already demonstrated the ability
to coordinate readily to RhII complexes.183, 184 The stereoelectronic effects of thioethers
have been studied and observed to follow similar electronic trends as phosphines.
However, they appear to be more heavily influenced by steric hindrance.185-187
Incorporation of aryl thioethers provides a means of investigating electronic tunability of
the thioether donor while alkyl thioethers will probe steric effects.
In addition to the ligand back bone, the question of the tether length was also
considered. A tether length of two methylene units was predicted to be most stable, as it
would form a six-member ring upon axial coordination of the thioether. Alternatively, a
one methylene unit linker would afford a five-membered ring, which would also be
predicted to be stable. The combination of these two features was anticipated to ensure
proximity of the thioether to the axial site and thereby ensure axial coordination.

2.4 Ligand Synthesis
The first ligand synthesized was the oxazolidinone 107. This was accomplished
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from the readily available amino acid L-methionine, via a previously established procedure
(Scheme 2.1).188

The synthetic pathway was predicted to leave the chiral center

undisturbed, which would limit the number of RhII complex isomers after ligand exchange.
Esterification of L-methionine 104 was followed by carbamate formation to afford
compound 105. Reduction of 105 generated alcohol 106 which was then cyclized to afford
the desired ligand 107. By starting from 104, the thioether functionality was already
present in addition to having established a tether of two methylene units.
Seeking to examine a range of thioether derivatives, an alternative synthetic route
was explored. The route was based on an established procedure and developed to afford
a series of ligands derived from aspartic acid 108 (Scheme 2.2).189 Again, esterification
and carbamate formation yielded compound 109, which was then reduced to diol 110.
Cyclization of 110 generated the oxazolidinone 111. Compound 111 was then tosylated
to provide compound 112. Nucleophilic substitution of 112 provided access to a variety
of thioethers 113-116, depending on the thiol selected. This alternate route afforded
ligands with the same two methylene unit tether, as seen in molecule 107. It also provided
the common intermediate 112 for generating different thioether derivatives.
A single crystal of 112, suitable for SC-XRD, was grown from slow evaporation of
DCM (Figure 2.8). The asymmetric unit comprised three molecules of compound 112 with
the hydrogens of the amides participating in H-bonding. It appeared that the chiral center
remained unchanged; however, this was not confirmed for the bulk sample.
The thioetherfication step was initially accomplished through an established
procedure that required 10 equivalents of the thiol.

As more expensive thiols were
II

required for examining electronic influence on the Rh complexes, it was desirable to
reduce the amount of thiol required. During thioetherfication reactions, a white precipitate
was generated and was presumed to be p-toluenesulfonic acid from the displaced tosyl
group (Table 2.1). This indicated that the reaction was being driven forward by Le
Chatlier’s principle through both the high concentration of thiol and precipitation of one of
the products. It was believed the precipitation of the tosylate would be a sufficient driving
force for the reaction and eliminate the need for excess thiol reagent. This hypothesis
was tested by reacting 1.5 equivalents of the thiol with compound 112 and resulted in a
74% yield, which was comparable to the 78% yield obtained with 10 equivalents (Table
2.1, entries 1-2). This was expanded to another thiol derivative and an increase in yield
was
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Scheme 2.1 Synthetic pathway for the synthesis of the MeTOX ligand highlighting the
carbons comprising the tether (red), thioether donor (blue), and donating atoms (pink).

122

Scheme 2.2 Synthetic pathway for the synthesis of oxazolidinone ligands from L-aspartic
acid highlighting the carbons comprising the tether (red), thioether donor (blue), and
donating atoms (pink).
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Figure 2.8 Crystal structure compound 112 (left) with protons omitted for clarity and
the asymmetric unit (right) showing H-Bonding (dashed red lines). Thermal ellipsoids
are shown at the 50% probability level.
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Table 2.1 Near stoichiometric thioetherfication
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observed (Table 2.1, entries 3-4). Based on the success of the two test reactions, this
modification was then applied to the following thioetherfication reactions, resulting in
moderate to high yields (Scheme 2.2).
A similar synthetic sequence was utilized to afford an oxazolidinone ligand with a
tether length of one methylene unit (Scheme 2.3).190

Following the established

procedures, compound 117 was generated. The tosylate then underwent nucleophilic
substitution to afford the desired thioethers 118 and 119.

2.5 Oxazolidinate Complex Synthesis
2.5.1 Soxhlet Method
As it is the most common method, the oxazolidinone ligand 107 was implemented
in ligand exchange with Rh2(OAc)4 utilizing the Soxhlet extractor (Scheme 2.4), following
methods employed for the synthesis of other carboxamidate RhII complexes.76 With the
high temperatures required to promote equatorial exchange it was expected that bis, tris,
and tetra-substituted products would also be observed.

For this reason, only one

equivalent of oxazolidinone ligand was added to the reaction mixture. After addition of the
oxazolidinone ligand, the initially green solution turned purple, indicating axial coordination
of the ligand. This was a good indication of the ligand binding to the axial site through the
sulfur.191 As the reaction was heated, the solution reverted to green before changing to
deep purple over time. This suggested that heating facilitated dissociation of the ligand
from the axial site before ligand exchange is observed. The reaction was monitored by
HPLC. No increase in the formation of the mono-substituted product 120a was observed
after 4 hours. Longer reaction times led to increased formation of bis-substituted products
120b/c. Isolation of the products afforded 120a and 120b/c in 45% and 13% yield
respectively, in addition to unreacted Rh2(OAc)4.

Interestingly, the tris and tetra-

substituted products were not observed even after a reaction time of 18 hours. It was
hypothesized that once the bis-substituted product was produced there was no longer an
open axial site for another oxazolidinone ligand to bind, preventing further equatorial
ligand exchange.
Qualitative support for bis-substitution comes from the observation that the color
of 120b/c does not change upon dissolving in a coordinating solvent such as acetonitrile
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Scheme 2.3 Synthesis of ligands with a tether length of one methylene unit
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Scheme 2.4 Synthetic scheme for heteroleptic RhII complexes from compound 107
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(MeCN). Separation of 120b and 120c was possible via column chromatography with the
most nonpolar, top spot, complex being isolated. The bis-substituted products could be
distinguished by two groups of signals in the 1H NMR. The most prominent difference is
the presence of a multiplet at 3.07 ppm of the more nonpolar isomer. This same signal
appears to separate into two signals (2.98 and 3.22 ppm) for the more polar isomer and
was used for the calculation of the cis:trans ratio.
Comparison of the

13

C NMR of the more nonpolar isomer and a mixture the two

isomers, where the more polar isomer predominated, allowed for assignment of the cis
and trans isomers. The carbonyl carbon of the acetate groups was identified (189.73 ppm)
as a single signal, which was expected for both the cis and trans isomer. A shift of this
signal was predicted to occur based on the trans influence. When an oxazolidinate ligand
is located trans to the acetate, then the lability of the acetate is increased due to increased
electron density from the nitrogen of the oxazolidinate. An increase in electron density
would then result in shielding of the carbonyl carbon of the acetate and an upfield shift of
the signal. When an acetate is trans to the original acetate the trans effect is no longer
present, due to the ligands being equivalent. This would result in a more deshielded
acetate carbonyl carbon, causing the signal to shift downfield. The examination of the 13C
NMR of the isolated top spot showed a downfield shift of the carbonyl carbon of the
acetate. This downfield shift is consistent with the two acetates being trans to one another,
identifying it as the trans isomer. Qualitative analysis using TLC further supported this
assignment. It appeared that the bottom spot was present in higher concentration than
the top spot. It has been established that the cis product is the thermodynamically favored
species and would be expected to predominate under the high temperatures applied in
the reaction.171
Initial attempts to synthesize the mono-substituted product using ligands 113 and
114 were conducted using a Soxhlet apparatus. This method afforded the desired monosubstituted and bis-substituted products, in addition to several other colored compounds
less polar than the bis complexes, based on TLC analysis.

The additional colored

compounds were believed to be the tris and tetra-substituted complexes, and their
isomers. The formation of tris and tetra-substituted complexes suggested that ligands 113
and 114 do not coordinate as strongly as the methyl thioether of 120a.

Weaker

coordination could enable axial coordination by another ligand molecule, which could lead
to further substitution.
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Two possible pathways seem probable. First is the displacement of the thioether
by another ligand molecule (Figure 2.9, a). Alternatively, an equilibrium may be present
between the coordinated and uncoordinated species (Figure 2.9, b). This process results
in an axial site open for coordination by another ligand molecule (Figure 2.9, c). Either of
these pathways can result in another ligand molecule being axially coordinated. Due to
the interest in the mono-substituted complex and low yields of the byproducts, complete
isolation of the suspected tris and tetra-substituted complexes was not pursued. It was
clear that the Soxhlet method was beneficial for driving the reaction to the
thermodynamically favored product, which limits the amount of mono-substituted product
obtained.

2.5.2 Microwave Method
Due to the complex product mixtures generated when conducting ligand
exchanges with 113 and 114, an alternative method was sought. Microwave reactors had
been applied in the synthesis of RhII complexes, but not extensively. They facilitated
ligand exchange reactions to generate a RhII complex for total synthesis.192 Additionally,
a microwave method was developed for the synthesis of Rh2(OAc)4 from RhCl3٠3H2O.193
A more prevalent product often observed when using microwave reactors was bis-adducts
with the formula Rh2(OAc)4٠2L. Here, L is solvent or another LB bound to the axial site.194
Many different adducts of this nature have been realized. Oligomeric chains of these
adducts are possible, especially when more than one LB functionality was incorporated
into the ligand.
A major advantage of microwave reactors is their ability to heat the reaction evenly
and very rapidly. Additionally, many solvents can be heated above their boiling points
without loss of solvent in a pressurized tube. Conventional heating relies on contact
between the heat source and the surface of the reaction vessel. The solvent contacting
the glass is heated before being mixed with the bulk solution. This leads to a temperature
gradient where the solvent at the glass surface is hotter than the middle of the flask.195 In
contrast, heating via microwave relies on the dual nature of electromagnetic radiation.
The particle nature of the photon (γ) repels electron rich moieties of solvent molecules
which results in rotation of the solvent molecule. Because radiation is also a wave, the
solvent is constantly rotating as the photon moves closer or further away (Figure 2.10).196
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Figure 2.9 Possible equilibria dictating further ligand exchange

131

Figure 2.10 Rocking motion of solvent molecules due to microwave radiation
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This continual motion generates heat due to the friction between solvent molecules. The
microwave radiation can penetrate the solution and results in more uniform heating.
Different solvents transform the microwave radiation into thermal energy more effectively
than others, with polar solvents often being more efficient.
The rapid uniform heating and lack of hot spots made microwave reactors a
promising method for the ligand exchange reaction.

We developed a method for

synthesizing heteroleptic RhII complexes using microwave radiation, with the synthesis of
120a as a model complex. This process was expedited by analyzing each of the reactions
by HPLC.

A procedure developed by our group enabled the separation of each

component for quantification. All microwave experiments were conducted using a Biotage
Initiator+ microwave. Further experimental parameters are located in chapter 4. This
would mark, to the best of our knowledge, the first application of microwave reactors
towards the synthesis of heteroleptic RhII complexes.
Although non-coordinating solvents have been known to give the highest yields of
RhII complexes, there are examples where coordinating solvents were preferred.170

As

such, solvent screening reactions were conducted to determine a suitable solvent for the
microwave conditions. Solvent screening reactions were conducted at 180 °C due to
pressure limitations of the microwave reactor and the variable pressure buildup of each
solvent. As observed with the Soxhlet, noncoordinating solvents performed the best
(Table 2.2, entry 1 and 2). Each of the coordinating solvents afforded lower yields of the
mono-substituted product (Table 2.2, entries 3-6). Ethanol gave the highest percent
conversion (Table 2.2, entry 4) but did not result in the desired RhII complexes. It is
believed that ethanol facilitated the reduction of the Rh(II) to Rh(0) metal, as a metallic
grey solid was observed on the reaction vessel.197
One microwave methodology involves using a biphasic mixture as a means of
preventing further reactivity of the product by removing it into a different phase. This
technique was investigated by pairing water and chloroform in a 1:1 ratio. It was observed
that solid Rh(0) was again deposited on the reaction vial. Interestingly, this was only
observed for the area occupied by the water layer.

Due to the degradation of the

paddlewheel structure, the biphasic conditions were not investigated further.
Dichloroethane (DCE) and PhCl afforded similar amounts of mono-substituted product,
but DCE was deemed a more suitable solvent as it facilitated a more expedient workup.
Temperature screening began at 80 °C. The temperature was then increased by
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Table 2.2 Solvent screening for microwave synthesis of heteroleptic oxazolidinate RhII
complex
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20 °C increments, with no product formation observed until trace amounts of the monosubstituted product at 140 °C were observed (Table 2.3, entries 1 and 2). Upon increasing
the temperature to 160 °C products 120b and 120c were observed in conjunction with
120a (Table 2.3, entry 3). The reaction was then conducted for an extended time at this
lower temperature (160 °C), due to the favorable ratio of 120a to 120b/c. Extending the
reaction time led to a decrease in the ratio between 120a and 120b/c (Table 2.3, entries
3-5). Further increasing the temperature facilitated higher yields of each 120a and 120b/c
before reaching an apparent cap at 200 °C. It was determined that the optimal conditions
were 190 °C for ten minutes in DCE.
The optimized conditions found for 120a were then applied to the other
oxazolidinone ligands for the synthesis of the desired mono-substitution product. In
conjunction with the synthesis of the desired product, this method allows for a comparison
of the thioether tether’s influence on the ligand exchange process. Ligands 113 and 114
underwent exchange, with 114 yielding more of the desired mono-substituted product
(Figure 2.11). Not only was more mono-substituted product generated, but the ratio of
mono:bis complexes was greater for alkyl thioethers. Again, this is believed to arise from
the donating strength of the thioether groups. The stronger alkyl donors do not dissociate
as readily, or become displaced, which prevents axial coordination for further substitution.
Additionally, stronger donating groups will have a more prominent trans effect, which could
inhibit axial coordination at the open axial site. Shortening the tether to one methylene
linker generated higher yields than complexes with two methylene linkers (Figure 2.11).
This microwave method was also applied by Will Sheffield to synthesize the monosubstituted oxazolidinate RhII complex 126a, but 10 equivalents of ligand were required.198
This suggests that the incorporation of the tethered LB promotes carboxamidate ligand
exchange.

2.6 Characterization
2.6.1 Crystal Structure
Of the novel RhII complexes synthesized, single crystals of x-ray quality were
obtained for complexes 120a and 125a.

No crystal structures of bis-substituted

complexes were isolated. It was believed that the presence of the many isomers of the
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Table 2.3 Temperature and time screening of heteroleptic oxazolidinate RhII complex
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Figure 2.11 Microwave assisted synthesis of heteroleptic RhII oxazolidinate complexes
with various thioether donor groups.
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bis-substituted complexes makes formation of single crystals difficult.

The crystal

structure of 120a was solved by Dr. Glenn Yap. In the solid-state, complex 120a formed
a series of oligomeric structures wherein the tethered sulfur was bound to two
paddlewheel units (Figure 2.12, a). Formation of oligomeric species of paddlewheel
complexes has been observed previously with LBs occupying the axial site.199-201 It can
be seen that two diastereomers of the RhII complex are present due to the formation of a
new chiral center when sulfur binds to Rh. These can be defined as the (SC,RS) isomer
and (SC,SS) isomer where the letters indicate the chiral center orientation and the subscript
refers to the atom of the chiral center (Figure 2.12, b and c). These two diastereomers
are responsible for the apparent shifting of the methyl group from one side of the oligomer
to the other. The Rh1–S–Rh2 bond is asymmetrical with the intramolecular Rh2–S (2.484
Å) distance being shorter compared to the intermolecular distance (2.556 Å).

The

intramolecular Rh–S distance is believed to be shorter due to the chelate effect ensuring
proximity of sulfur to the axial site. The shorter intramolecular distance is similar to the
distances observed with less sterically demanding thioethers (2.41-2.45 Å)

84

The

intermolecular distance is more reminiscent of bulkier thioethers (~2.5 Å). This indicates
that axial coordination is present in the solid phase. The Rh–Rh bond distance of complex
120a (2.427 Å) is longer than the homoleptic parent ligand Rh2(OAc)4 (2.38 Å).202
homoleptic oxazolidinate complex, Rh2(S-MEOX)4, has a Rh–Rh distance of 2.47 Å.

A
85

It

is possible elongation is a result of both axial coordination and the heteroleptic nature of
complex 120a. Upon looking down the Rh–Rh bond it can be observed that the Rh–Rh–
S bond angle is near-linear (178°).
Rather than forming an oligomer, complex 125a crystallized with an asymmetric
unit containing four distinct paddlewheels. Each paddlewheel unit has MeCN bound at
the second axial site (Figure 2.13, a). Like 120a, the asymmetric unit contains two different
isomers that have crystallized together. The chiral center on the oxazolidinone ligand
maintains the S configuration while the chiral center that is generated by the sulfur binding
to the axial site changes from R to S (Figure 2.13, b and c). Each paddlewheel unit has a
Rh–Rh bond of 2.42 Å, which is the same as observed for 120a. This suggests that the
oxazolidinate ligand is responsible for the increased Rh–Rh bond length, compared to
Rh2(OAc)4, rather than electron donation at the axial site. Upon inspection of the Rh–S
bond, each paddlewheel unit has a different length ranging from 2.47-2.52 Å while the
Rh–N distance for each paddlewheel unit was unvaried (2.23 Å). The difference in the
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Figure 2.12 The crystal structure of 120a showing a) the oligomeric chain and b) the
(SC,RS) diastereomer and c) the (SC,SS) diastereomer. Thermal ellipsoids are shown at
the 50% probability. H atoms removed for clarity
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Figure 2.13 The crystal structure of 125a showing a) the asymmetric unit comprised of
individual paddlewheel units b) the (SC,RS) isomer and c) the (SC,SS) isomer with thermal
ellipsoids at the 50% probability level. H atoms removed for clarity
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Rh–S bond length between each paddlewheel unit could be a result of the trans effect due
to the coordinated MeCN. These differences in bond lengths indicate that the thioether
may be in a fluxional state. Both complex 120a and 125a indicate the two-methylene
linker leads to complex with low angle strain, indicated by Rh–Rh–S angles of 178° and
175° for 120a and 125a, respectively.
A single crystal was obtained of ligand 114 coordinated to the axial sites of two
different molecules of Rh2(OAc)4 without displacement of the bridging ligands (Figure 2.14,
128). This structure is similar to solvent adducts where axial coordination is present
without displacement of the bridging ligands.84, 200 The ligand was coordinated to one
paddlewheel unit via the carbonyl of the oxazolidinone while coordinating to the second
paddlewheel unit via the thioether (Figure 2.14, a and b). This coordination leads to the
formation of a sigmoidal oligomeric structure (Figure 2.14, c). A similar linear coordination
pattern has been observed with sulfoxides wherein both the sulfur and oxygen act as axial
coordinators.203 Looking down a cross-section of the crystal structure a channel filled with
solvent is observed (Figure 2.14, d), similar to metal-organic frameworks.201, 204 Despite
the similarity, it appears that the channel is a result of packing and would collapse if the
solvent were removed. The Rh–Rh bond distance (2.39 Å) is similar to that observed in
Rh2(OAc)4 (2.38 Å), further indicating that the axial coordination does not result in a large
elongation of the Rh–Rh bond. The Rh–S distance (2.49 Å) is between that observed for
complexes 120a and 125a. Seeing that both the thioether and carbonyl coordinate to the
axial site gives precedent to both binding modes occurring during ligand exchange.
Complex 122a was isolated as a single crystal, but the structure was unable to be
completely solved (Figure 2.15, a). Nevertheless, the model obtained still provides insight
into the structure of complexes with serine derived ligands (121a and 122a).

The

oligomeric structure, as observed in complex 120a, is again observed with complex 122a
(Figure 2.15, a). This may indicate that the absence of the oligomeric structure in complex
125a arises from the donating strength of the thioether rather than the steric bulk of the
aryl ring. The Rh–Rh distance (2.42 Å) is the same observed for 120a and 125a, which
further suggests that the oxazolidinate bridging ligand is primarily responsible for the
elongation compared to Rh2(OAc)4 (2.38 Å).

The Rh–S distance appears to be

asymmetric with the intramolecular Rh–S distance (2.53 Å) shorter than the intermolecular
distance (2.57 Å). The Rh–Rh–S (174°) bond angle deviates more from linearity than
that observed in 120a and 125a. These distances and angles should not be taken as
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Figure 2.14 Crystal structure of complex 128 showing axial ligand coordination without
equatorial displacement b) a cross section of the channel and c) the sigmoidal oligomer
forming channels
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Figure 2.15 The not completely solved crystal structure of 122a showing a) the
asymmetric unit and b) the oligomer structure with thermal ellipsoids at the 50%
probability. H atoms removed for clarity
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definitive values as the model does not meet current standards. However, it provides
insight into the structure of complexes derived from serine (complexes 121a and 122a).
Several key observations come from the analysis of these crystal structures. First
and foremost is the presence of two diastereomers for each mono-substituted species.
The differentiating chiral center is formed when the sulfur of the thioether binds to the axial
site and appears racemic based on the crystal structure. The length of the Rh–Rh bond
appears consistent across each carboxamidate. This suggests that elongation of the Rh–
Rh bond is more dependent on the carboxamidate bridging ligand, rather than axial
coordination. This would suggest that these complexes will have a reactivity more akin to
carboxamidates than carboxylates. Finally, the two-carbon tether appears to allow for
stronger coordination of the S to the axial site. This is evidenced by the near-linear Rh–
Rh–S bond angle of complexes 120a and 125a, compared to the larger deviation from
linearity in complex 122a.

2.6.2 Solution State
Analysis of the novel RhII complexes by 1H NMR provided insights into the
complex’s behavior in solution (See Appendix A). Perhaps the most striking feature is the
change in the signal corresponding to the different coordinated thioether donors as
compared to the free ligand. In the case of 120a, a distinct downfield shift of the methyl
protons (2.55 ppm) is observed when compared to the free ligand 107 (2.11 ppm). A
similar change is observed for the tBu group of complex 123a and the methyl group of
121a. Complex 125a resulted in the splitting of the aryl protons of the thioether donor,
which is contrasted by the unresolved multiplet observed in the spectrum of the free ligand
114. Each of these observations indicates axial coordination is present when the complex
is in solution.
Another prominent feature is the presence of three singlets in the range from 1.72.0 ppm, which have been assigned as the methyl groups of the acetate ligands. One of
these signals is shifted further downfield while the other two signals are grouped further
upfield. This splitting pattern is observed for each of the mono-substituted complexes
derived from aspartic acid and methionine. It is hypothesized that the differences arise
from inequivalent environments generated in part by the chiral center of the tether. A
similar pattern is observed in each of the 13C NMR spectra where three distinct signals are
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observed for each carbonyl carbon and methyl carbon of the acetate groups. These
unique environments are observed to a lesser extent in the 1H NMR of complexes derived
from serine (121a and 122a) where the two upfield acetate singlets are closer in chemical
shift.
Both the x-ray structures and the 1H NMR data suggest that axial coordination is
present. However, the possibility remains that the thioether may be in a fluxional state,
as indicated in the x-ray structure. This has been observed in other complexes with
multidentate ligands and has been given the term hemilabile.205 This can be demonstrated
using the novel RhII complexes as an example (Figure 2.16). The novel ligand is bound
in a κ3 fashion, with three atoms binding to the Rh core. However, it is known that the
axially bound ligands are more kinetically labile than the bridging ligands. This means that
an equilibrium may exist between κ3 coordination and κ2 coordination. It was believed that
κ2 coordination could be favored by heating the complex and observed by seeing the
thioether signal shift upfield, as in the free oxazolidinone ligand. Observation of this shift
in the signal would indicate that the thioether is coordinated at room temperature.
A series of variable temperature 1H NMR (VT 1H NMR) experiments were
conducted. Initially, complexes 123a (Figure 2.17) and 125a (See Appendix A, S26) were
examined as they were predicted to not bind as strongly as 120a. It was expected that
the tBu signal of 123a would shift upfield like the free ligand. Reaction temperatures of 80
°C were not reached due to solubility and solvent limitations. The singlet of the tBu group
did not shift significantly upon heating from room temperature to 70 °C. Instead, a
separate peak shifted from 1.70 ppm to 1.54 ppm. This peak, and its shifting upon heating,
was also observed when examining 125a. It was hypothesized that this could be water
inside the

NMR solvent, as water has a chemical shift of 1.56 ppm in deuterated

chloroform.206 This was verified by preparing a sample of 123a in a glove box under strictly
anhydrous conditions. This ensured no water was present, resulting in the disappearance
of the signal (See Appendix A, S27). Though this was an impurity, it demonstrated that
axially coordinated solvents could be displaced by heating and that the axial tether
remained proximal to the axial site up to 70 °C. The same observation was made for
complexes 120a and 125a suggesting the thioether does not completely dissociate.
A similar experiment was conducted with a sample of 120c as it was expected that
the thioether would be easier to displace due to the trans effect (Figure 2.18). A sample
of 120c was prepared in deuterated benzene, enabling reaction temperatures, 80 °C, to
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Figure 2.16 Possible equilibrium between the κ3 and κ2 binding modes
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Figure 2.17 VT 1H NMR spectrum of compound 123a showing no change in thioether
group signals with blue arrow indicating shifting water signal

147

be reached. Again, no change was observed in either the signal of the methyl thioether
or the acetate peaks, indicating no hemilability at these temperatures. It is plausible the
equilibrium between κ2 and κ3 coordination was not observed because higher
temperatures are needed to favor κ2 coordination.

It is of note that no degradation is

observed upon heating and cooling the complexes, indicating good catalyst stability at
reaction temperatures.
Even though the thioether methyl signal of complex 120c did not change, a shift
was observed in the signal that corresponded to the methylene protons of the tether
adjacent to the sulfur atom (Figure 2.18, blue arrow). When solving the crystal structure
of 120a, it was found the tether was disordered between two conformations (Figure 2.19).
It reasons that the same six-membered ring would be present in the bis-substituted
complex 120c. The conformation where the lone pair of the sulfur and the methylene
proton are anti (Figure 2.19, a) is expected to be more stable and predominate at room
temperature. Here, the lone pair of the sulfur can donate into the C–H antibonding orbital
and this anomeric effect results in the shielding of the proton.207 The application of heat
enables the eclipsed conformation to be present in higher quantity (Figure 2.19, b). In this
conformation the proton signal then shifts downfield because the lone pair is no longer
able to donate into the C–H antibonding orbital. This change in conformation could explain
the downfield shift of the methylene protons on the tether.

2.7 Electronic and Electrochemical Analysis
The donating ability of each of the thioether donors was investigated in hopes that
it could be correlated to reactivity. Axial coordination has traditionally been studied by UVVis analysis and was investigated first. It is established that the HOMO-LUMO gap is
between the π* and σ* of the Rh–Rh metal bond. The σ* orbital comprises of the
antibonding dz2 orbitals between the Rh metals.81 Axially coordinated molecules, such as
solvent, bind to this orbital resulting in an increase in the HOMO-LUMO gap due to
destabilization of the LUMO (Figure 2.20).

Increased electron density from axial

coordination at both axial sites results in a blue shift of the HOMO-LUMO gap as compared
to the coordination of a single axial site. These shifts can be monitored by UV-Vis and
coordination of both axial ligands can be observed.208 It was expected that the donation
strength of the different thioether donor groups could be observed. Stronger donors were

148

Figure 2.18 VT 1H NMR spectra of compound 120c with indicating change in tether
conformation
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Figure 2.19 Possible conformation of the tether and Newman projection going down the
C–S bond
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Figure 2.20 Frontier molecular orbitals of RhII complexes and effect of axial coordination
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expected to donate more electron density and thereby cause greater destabilization of the
LUMO. This would result in the observation of a larger HOMO-LUMO gap.
For purposes of solubility, dirhodium tetrakispivalate (Rh2(OPiv)4) was used in
place of Rh2(OAc)4 to represent any changes from the parent carboxylate complex. The
control complex 126a, with a single oxazolidinate ligand and no tether, resulted in a slight
blue shift compared to Rh2(OPiv)4 (637 nm vs 650 nm, respectively). The introduction of
the bridging ligand with a tether increased the HOMO-LUMO gap, resulting in another blue
shift (Figure 2.21). Upon varying the σ donating strength no significant difference was
observed, with the λmax of the π* to σ* transition falling within 10 nm for each complex.
This suggested that the donating ability of each thioether was more similar than
anticipated.

However, the addition of the second ligand resulted in another easily

observed blue shift compared to the mono-substituted complexes.
As minimal differences were observed by UV-Vis, another method was sought to
examine the donating ability of the different thioether donors. Cyclic voltammetry (CV)
has been employed as an alternative method for determining the electrophilicity of a RhII
complex.209

Each complex examined demonstrated a reversible or quasi-reversible

oxidation event that was assigned as the Rh24+/5+ oxidation couple. It is also possible that
the thioether could be oxidized, but literature indicates that thioether oxidation occurs at
higher potentials.210

Furthermore, the intermediate generated by electrochemical

oxidation of thioethers are known to be very reactive, resulting in irreversible oxidation
events.211 Experiments conducted in DCM exhibited a trend where stronger σ donors
resulted in higher oxidation potentials when compared to the control complex 126a (Figure
2.22). This trend was unexpected as increased electron density on the Rh metals typically
results in decreased oxidation potentials, but is not without precedent.212 In our group, Dr.
Brad Anderson synthesized a similar mono-substituted RhII carboxylate complex with an
axially coordinated thioether. The oxidation potential of this complex was higher than the
oxidation potential of a mono-substituted RhII control catalyst without axial coordination.213
In the case of formamidate ligands it was calculated that tethered axial coordination
resulted in a destabilization of the HOMO.214 Destabilization of the HOMO by the axially
coordinated thioether would increase the oxidation potential.

Stronger thioether

donorswould destabilize the HOMO more than weaker donors, giving rise to the highest
oxidation potentials. It is seen by the redox potentials that the Rh core is being
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Figure 2.21 UV-Vis spectra of novel RhII complexes
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Figure 2.22 Cyclic voltammograms of the catalysts in an electrolyte solution of 0.1 M
[(n-Bu)4N][PF6] in DCM and referenced to the Fc/Fc+ potential
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incrementally modulated based on the coordinating thioether.
Examination of the literature demonstrated that solvent influenced the oxidation
potentials of RhII complexes. The established trend indicated axial coordination of different
solvents generally results in decreased oxidation potentials.209, 212 To investigate this
influence, further CV experiments were conducted in MeCN (Figure 2.23). Again, each of
the complexes demonstrated a reversible or quasi-reversible oxidation event assigned to
the Rh24+/5+ oxidation couple. Complex 123a demonstrated a loss of reversibility with
further scans at lower scan rates (100 mV/s) (Figure 2.24). The loss of reversibility was
not observed at higher scan rates (500 mV/s). The oxidation potential and the reversibility
at higher scan rates indicate that this oxidation event is centered on the Rh. No clear
oxidation or reduction events indicated the degradation of complex 123a.
Differentiation between thioether donors was possible even though the oxidation
potentials of most mono-substituted complexes fell within a 100 mV window.

Axial

coordination of the thioether generally resulted in lower oxidation potentials when
compared to the control complex 126a.

The one exception to this was complex 125a. It

was expected that the weak Ph thioether donor would result in the highest oxidation
potential of the novel complexes. Rather, the oxidation potential of 125a was ~300 mV
lower than the other complexes and more closely resembled the bis-substituted
complexes 120b/c. Despite the observable differences, no correlation between oxidation
potentials and the donating abilities of the different thioether donors could be established
with MeCN as the solvent.
Another observation was the presence of further oxidation events for complex
125a; stronger donors do not exhibit these events. One explanation could be that these
oxidation events are centered on the ligand and not the metal center. The oxidation of
thioethers has been observed to occur at similar oxidation potentials.210 Additionally, the
presence of two oxidation events could indicate the formation of the sulfone, followed by
the sulfoxide. The weaker coordination of the phenyl thioether of 125a could lead to
displacement by MeCN, enabling oxidation of the sulfur atom.
A similar oxidation event is observed for complexes 120b/c. In the case of the bissubstituted complex 120b/c, the trans effect could result in weaker coordination of the
second axially bound thioether. This could result in the displacement of the thioether by
MeCN, and result in oxidation of the ligand. Comparison of a mixture of 120b/c and 120a
showed that additional bridging ligands results in a lower oxidation potential. The same
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Figure 2.23 Cyclic voltammograms of the catalysts in an electrolyte solution of 0.1 M [(nBu)4N][PF6] in MeCN and referenced to the Fc/Fc+ potential
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Figure 2.24 CV of complex 123a showing loss of reversibility of the Rh24+/5+ oxidation
potential after multiple scans

157

trend was observed with the sequential addition of acetamide ligands.215

2.8 Alternative Syntheses of RhII Complexes
2.7.1 Ligand Salt Method
Heteroleptic carbamate complexes were previously synthesized by Corey via
deprotonating the ligand before addition to Rh2(OAc)4.170 As this method avoids heating,
it was expected that the kinetic mono-substituted product would be favored. Investigations
into this pathway began with the synthesis of 120a as the ligand 107 was more readily
available. Additionally, authentic samples were already available for comparison (Table
2.4). Based on literature precedence, sodium hexamethyldisilazane (NaHMDS) was
selected as the strong base for deprotonating the oxazolidinone ligand.170 The sodium
salt of 107 was dissolved in tetrahydrofuran (THF) before being added to a solution of
Rh2(OAc)4.
Analysis by TLC indicated the formation of the mono-substituted product after only
an hour and the solution changed from green to yellow-green. TLC analysis also showed
Rh starting material remained. Because the starting material remained, the reaction was
allowed to continue, and no changes were observed by TLC analysis even after 24 hours.
It was then hypothesized that the newly formed product was degrading as the reaction
continued. The reaction was repeated and worked up after only an hour affording the
similar results. Finally, the reaction was cooled as a means of further facilitating the kinetic
product. The same yellow-green solution was generated along with a small amount of the
desired mono-substituted product. It is believed that the yellow-green color is indicative
of Rh(III) species which could be generated upon degradation of the paddlewheel motif.

2.7.2 Pressure Tube Method
Milder conditions were sought as the harsh conditions of the Soxhlet and salt
method resulted in complex or ligand degradation. Towards this end, conducting the
ligand exchange under pressure was explored (Table 2.5). It was believed the pressure
build-up would enable lower reaction temperatures, preventing degradation.

The

reactions were monitored via TLC for the first sign of the formation of the bis-substituted
product. Upon observing the bis-substituted product by TLC, the reaction was stopped,
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Table 2.4 Synthesis of RhII complexes via ligand salts
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Table 2.5 Synthesis of RhII complexes via pressure tube
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and the mono-substituted product was isolated via column chromatography.

The

remaining fractions were then combined, concentrated, and placed back into the pressure
tube with fresh DCE. This process was repeated two more times and led to an increase
in the overall yield of the reaction. Yields for each iteration were inconsistent and could
be a result of stopping the reaction at different points during the equilibrium process.
It was observed that this method did not result in degradation of the ligand, as was
observed in the Soxhlet method. This was attributed to the lower temperature required to
drive the reaction forward. Although this route provides an increase in yield, the overall
reaction time spanned weeks.
The synthesis of the p-methoxyphenyl thioether was limited to one cycle due to the
formation of a dark solid on the side of the flask. Unlike previous heteroleptic complexes,
the substance was not soluble in coordinating solvents such as MeCN or MeOH. The
solubility was then tested using dimethyl sulfoxide (DMSO) which led to a red solution.
The 1H NMR showed that equatorial coordination had not occurred, as only a single
acetate peak was observed in conjunction with the free ligand (See Appendix A, S28 and
S29).

2.7.3 Microwave Method using Ionic Liquids
The microwave method previously described was conducted on a small-scale (15
mg Rh2(OAc)4). Attempts were made at a larger scale but the desired temperature of 190
°C was unable to be reached. This was believed to stem from the additional solvent, about
5 times more, that required heating. One means of circumventing this issue would be
mixed solvent systems of DCE and more polar solvents. However, these solvents are
also capable of coordinating to the axial site and result in diminished yields (see section
2.5.2). Instead, ionic liquid (ILs) additives were considered due to their outstanding ability
to transform radiation into thermal energy.196
One of the most common IL is based on NMI, which is readily alkylated with
haloalkanes. Both the methyl substituent and alkylation minimize the coordinating ability
of the imidazole. Two sets of ILs were synthesized using NMI and n-bromobutane or nbromodecane, which were then metathesized to generate the final ILs (Table 2.6). The
two cations were chosen to facilitate solubility in DCE. It was believed the bromide anion
may bind to the axial site and result in oxidation of the RhII complex, as was observed with
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Table 2.6 Set of ionic liquids tested for facilitating heating of large-scale microwave
reactions
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the chloride anion.216, 217 For this reason, Tf2N and PF6 were chosen as anions rather than
the more readily accessed bromide. The electron withdrawing groups, in conjunction with
low concentration, were predicted to prevent strong binding to the RhII axial site.
Investigation of the IL additive to facilitate heating was conducted with DCE, as it
had been deemed the optimal solvent. Each of the ILs tested, except IL-3, reached the
target temperature in less than 5 minutes. Testing IL-2 in a ligand exchange reaction
resulted in the desired temperature being reached and the production of the desired RhII
complexes. Analysis by TLC indicated that the products could be purified using column
chromatography as before. However, upon analyzing the fractions containing the monosubstituted product by 1H NMR it was determined that IL was present and would require
a different purification process. The IL solvents were abandoned in favor of multiple smallscale reactions that could be run in tandem, combined, and purified to supply the desired
catalysts.

2.9 Conclusion
A series of novel heteroleptic RhII complexes with mixed acetate and oxazolidinate
ligands was realized. The oxazolidinone ligands contained a tethered thioether that was
capable of binding to the axial site of the paddlewheel structure. Of the different methods
implemented to synthesize new heteroleptic RhII complexes, it was determined that
microwave radiation provided the most direct path with acceptable yields. Additionally,
ligand degradation is reduced when compared to the Soxhlet method; this is believed to
occur due to the shortened reaction times and elimination of hot spots through heating
with microwave radiation.196 The tethered thioether appeared to limit the number of ligand
substitutions due to bis-substitution blocking both axial sites, which inhibited further ligand
exchange. It was also clear that the presence of the tethered thioether promoted ligand
exchange, although the details are not known. This provided further support for the
mechanism requiring axial coordination for ligand displacement.171 Both solid-state and
liquid-state analyses suggested that axial coordination is present, but in a very rapid
equilibrium that cannot be detected on the NMR time scale. The donor strength of the
thioether donors could not be determined based on UV-Vis spectroscopy but was made
possible by CV analysis.

This demonstrated that the electronic nature of the RhII

complexes could be modulated by the tethered thioether.
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Chapter 3 Investigation of the Role of Axial Coordination of
Tethered Thioethers in the Cyclopropanation of Olefins
by RhII Carbenoids Generated from α-Diazoesters.
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3.1 Abstract
Exogenous LBs have been applied in cyclopropanation reactions mediated by RhII
carbenoids. However, the results from these reports are often contradictory. For every
reported improvement in yield or enantioselectivity, there appears to be a report where
only diminished yields were observed.

To investigate this dichotomy, novel RhII

complexes containing tethered thioethers were applied as catalysts in cyclopropanation
reactions. It was found that the novel complexes facilitated reactions with EDA more
readily than with methyl (4-nitro)phenyldiazoacetate.

With EDA as the diazo reagent,

each novel catalyst afforded higher yields than a heteroleptic RhII control catalyst. They
also provided higher yields compared to the benchmark RhII catalyst Rh2(OAc)4.
Computational analysis was conducted to aid in understanding the observed reactivity.

3.2 Introduction
It was demonstrated that the primary method of controlling catalytic activity of RhII
complexes relies on the modification of the bridging ligands. Investigation of the axial site
indicated that LBs, such as solvent, readily coordinated. The most obvious effect of axial
coordination was catalyst inhibition, due to the catalytically active site being blocked. The
work by Pirrung and co-workers, who analyzed RhII catalysis under Michaelis-Menten
kinetics, supports inhibition by axial coordination.77 Interestingly, they also demonstrated
only a single axial site participates in carbenoid formation during one turnover of the
catalyst. An open axial site suggests that axial coordination at one axial site could be
exploited as a means of controlling the electrophilicity of the distal Rh via electronic
communication through the Rh–Rh bond. This manner of controlling RhII catalyst reactivity
has not been investigated as thoroughly as the bridging ligands but is not unknown.
Axial coordination is most easily achieved by the introduction of exogenous LBs.
This method was employed by the Davies group for the cyclopropanation of styrene and
methyl phenyldiazoacetate with a RhII prolinate catalyst (Figure 3.1).218 It was found that
the addition of a weakly coordinating LB, such as methyl benzoate, led to a distinct
increase in the ee. The same study also demonstrated an increase in ee when select
phosphine oxide and urea additives were employed. However, a decrease in yield was
also observed, again showing the inhibitory effects of axial coordination.

An amine

additive resulted in almost complete inhibition of catalytic activity (5% yield) and no results
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Figure 3.1 Cyclopropanation of styrene and methyl phenyldiazoacetate with Rh2(SbiTISP)2 demonstrating increased enanatioselectivity in the presence of additives.

166

on ee were given. It should be noted that additives were only effective at low catalyst
loadings, while no increase in ee was observed at higher catalyst loading. The difference
in selectivity was not further investigated but axial coordination was cited as a possible
cause.
Wynne and co-workers also examined cyclopropanation of olefins and methyl
phenyldiazoacetate with a RhII prolinate catalyst, similar to the catalyst used by Davies
(Figure 3.2).181 Yields were not reported, but the addition of exogenous phosphine oxides
and phosphines did not result in increased enantioselectivity. Rather, the exogenous LBs
resulted in a decrease in ee, contradicting the finding of the Davies group. It was believed
less sterically hindered LBs were better suited to coordinate to the axial sites, thereby
decreasing enantioselectivity. Conversely, steric interactions between bulky phosphines
and the catalyst was believed to prevent axial coordination. The lack of axial coordination
then resulted in similar enantioselectivity as when no additives were present. The
coordination strength of the phosphines was corroborated by UV-Vis experiments, where
the HOMO-LUMO energy gap was larger for strongly donating alkyl phosphines, as
compared to the weaker phosphine oxides.
Even with evidence for increased enantioselectivity, the benefits of axial
coordination are uncertain and hard to predict. The dichotomy of axial coordination was
even observed in the same group when Charette and co-workers examined the
cyclopropanation of olefins and acceptor/acceptor diazo reagents (Figure 3.3).180, 219 For
the cyclopropanation of styrene and an amido diazo reagent with Rh2(S-NTTL)4 the LB
additive did not result in increased enantioselectivity, rather only a decrease in yield
(Figure 3.3, a). Conversely, the cyclopropanation of styrene and an α-ketodiazo reagent
by Rh2(S-TCPTTL)4 in the presence of LBs led to an increase in enantioselectivity (Figure
3.3, b). The increase in enantioselectivity was accompanied by a decrease in yield and
diastereomeric ratio. When these reactions were conducted at higher temperatures, there
was also a decrease in the diastereomeric and enantiomeric ratios. It was postulated that
lower temperatures resulted in the complexation of the LB additive, resulting in higher
overall stereoselectivity.
Although the addition of exogenous ligands is the easiest way to introduce axial
coordination, the active catalyst remains ambiguous. Two distinct active catalysts can be
generated depending upon the number of axially coordinated compounds (Scheme 3.1).
When no LBs are axially coordinated, the active catalyst will be the same as if no LB was
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Figure 3.2 Cyclopropanation of styrene and methyl phenyldiazoacetate where additives
did not result in increased enantioselectivity
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Figure 3.3 Examples of a) LB additives having no effect and b) LB additives increasing
enantioselectivity from the same research group
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Scheme 3.1 Equilibrium process of axial coordination of RhII complexes resulting in
different catalytically active species
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added (Scheme 3.1, a). Coordination of a LB to one axial site results in the formation of
the mono-adduct, which has an open axial site for catalysis, results in the second
catalytically active complex (Scheme 3.1, b). Axial coordination of a second LB molecule
generates the bis-adduct which is not catalytically active. Two different methods have
been employed to ensure that the mono-adduct is prevalent in solution. One method is to
introduce strongly coordinating LBs which allows near equimolar amounts of the RhII
species to be added.220 This helps facilitate the formation of the mono-adduct, but hinders
tunability, as weaker donors will likely dissociate. To facilitate the investigation of weak
donors, an excess of the LB is added to promote the formation of the mono-adduct.
However, it remains possible that catalysis is being accomplished, at least in part, by the
RhII without any axial coordination (Scheme 3.1, a).
In early investigations, Ball and co-workers found the addition of exogenous
phosphites resulted in an increase in enantioselectivity during RhII carbenoid mediated
reactions.221 Due to the complications outlined above, they sought to verify that axial
coordination was indeed responsible. To this end, they synthesized metallopeptide RhII
complexes bound to resin beads. These complexes were equipped with a histidine
residue capable of axial coordination (Figure 3.4).222 Several of these metallopeptide RhII
complexes facilitated the asymmetric cyclopropanation of styrene with a donor/acceptor
diazo reagent in high ee. An analogous RhII metallopeptide complex was synthesized
where the axially coordinated histidine residue was replaced with isosteric phenylalanine.
This substitution resulted in a decrease in ee upon removal of the axially coordinating
histidine, further suggesting that axial coordination results in improved stereoselectivity. It
was proposed that axial coordination of the histidine results in a change in the folding of
the peptide chain. This change in folding then resulted in a modification of the environment
around the catalytically active axial site.
Different theories have been proposed as to why axial coordination results in
higher enantioselectivity. One explanation, based primarily on steric arguments, states
axial coordination results in modification of the chiral pocket around the axial site, as was
put forward by Ball for RhII metallopeptide complexes.

This theory agrees with the

research by Doyle and co-workers which demonstrated that conformational changes
around the axial site affected enantioselectivity. Conformational changes were effected
by choosing between two diastereomers of the bridging ligands, rather than axial

171

Figure 3.4
Coordination of metallopeptide RhII complex results in higher
enantioselectivity. Z= benzyloxycarbonyl, Grey sphere= resin
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coordination, and resulted in a “matched/mismatched” system.89

One diastereomer

generated the RhII complex where the chiral groups protruded over the axial site in a
clockwise fashion (Figure 3.5, b). Conversely, the second diastereomer led to a less
symmetric chiral pocket (Figure 3.5, c). When both of these were applied to intramolecular
cyclopropanation, complex B afforded higher yields and ee than complex C. It was stated
that the chiral environment of B matched the substrate and diazo reagent, which afforded
better results. However, predicting which RhII isomer will match a select substrate and
diazo reagent is not straight forward.
Another theory states that increased electron density from axial coordination
results in a late transition state. Electron density from axial coordination is believed to
stabilize the carbenoid intermediate, requiring the olefin substrate to be closer to the
carbenoid before reacting.94 This results in increased interaction between the substrate
and the chiral environment which leads to a later transition state, which more closely
resembles the asymmetric product. This theory focuses primarily on the electronic nature
of the complex.

Both explanations outlined above are based on two extremes,

disregarding the interplay between electronic and steric factors. It is more likely that the
true influence of axial coordination involves both aspects to a certain degree.
Even after examination of axial coordination by several groups, the role of axial
coordination remains ambiguous.

The direct comparison of these examples is not

possible as different catalysts and diazo reagents were applied in each experiment.
Without a direct comparison, it is not possible to determine what causes axial coordination
to be beneficial and what causes it to be detrimental. To begin delineating which factors
are beneficial, the novel RhII complexes synthesized in chapter 2 were applied as catalysts
in the cyclopropanation of olefins and diazo esters. By systematically varying the tether
length and thioether donor, a direct comparison can be made between different axially
coordinating groups.

3.3 Cyclopropanation of Olefins with EDA
Carboxamidates have proven to be efficient catalysts when paired with acceptor
diazo compounds. Therefore, catalytic testing with the standard cyclopropanation of
styrene and EDA in DCM was investigated (Table 3.1). The addition of the diazo reagent
to the solution of Rh2(OAc)4 and styrene resulted in the visible formation of bubbles,
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Figure 3.5 Example of the "match/mismatch" conformation with diastereomers of a)
Rh2(MCPIM)4 with the b) matched diastereomer (4S,2'S,3'S) and c) mismatched
diastereomer (4S,2'R,3'R)
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indicating extrusion of dinitrogen. Visible formation of dinitrogen was not observed with
the novel RhII complexes 120a or 120b/c. However, TLC analysis showed the complete
decomposition of the diazo reagent in the case of catalyst 120a, while indicating EDA
remained for 120b/c. After reactions workup it was observed that even the bis-substituted
complex was capable of catalysis, but the dual axial coordination inhibited reactivity much
more than the mono-substituted complex (Table 3.1, entries 1 and 2). Despite having the
lowest yield, the highest diastereoselectivity was observed with the bis-substituted 120b/c.
Comparison of 120a and Rh2(OAc)4 indicates similar reactivity, with comparable
yields and diastereoselectivity (Table 3.1, entries 2 and 3).

Concomitant to this

investigation, a member of our group, William Sheffield, demonstrated that complex 120a
performed better in Si-H insertion reactions at elevated temperatures.198

The

noncoordinating solvent DCE was employed to allow for these elevated temperatures as
well as catalyst solubility.

Elevating the temperature resulted in 120a affording a

quantitative yield while the yield with Rh2(OAc)4 did not change greatly (Table 3.1, entries
4 and 5). Although excess olefin is a common practice to prevent diazo dimer formation,
the use of stoichiometric amounts of olefin is desirable. Towards this end, Cris Zavala
further tested catalytic ability by reducing the amount of olefin substrate (Table 3.1, entries
6-8). Good to high yields were observed as low as 1 equivalent of olefin substrate with
minimal changes in diastereoselectivity. The minimal changes in diastereoselectivity were
not unexpected as EDA does not afford great diastereoselectivity and no chiral ligands
protrude over the axial site. Enantioselectivity was not determined for the same reason.
These results indicated that the RhII complexes were catalytically active with the presence
of the axially coordinated tether. The focus was then directed towards mono-substituted
complexes because higher yields and complete consumption of diazo reagent were
observed.
Each novel catalyst containing the tethered thioether group resulted in higher
yields when compared to a control catalyst 126a (Figure 3.6). The improved yields of
catalysts 120a-125a suggested that the thioether tether is responsible for the increased
yield.

Furthermore, catalysts 120a-125a each provided the cyclopropane product in

higher yields than the benchmark catalyst Rh2(OAc)4. Comparison of the different
thioether donors showed that the weakest donor (see Section 2.3 for discussion of
thioether donor strength) 125a resulted in the highest yield of the desired cyclopropane.
This trend was not observed with 120a and 123a. The similarity between the two could
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Table 3.1 Catalytic activity of heteroleptic RhII complexes

176

Figure 3.6 Screening of the novel RhII complexes with tethered thioethers
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be a result of their donor strength being similar. The tBu group is a stronger electronic
donor, but coordination could be diminished due to the steric bulk of the tBu group, thereby
making it more like the methyl thioether.
The tether length influenced catalytic activity but does not follow a trend. The
longer tether length resulted in higher yields with methyl thioethers while the converse is
true for the tBu thioethers. It is possible this arises from the poorer donation of the sulfur
lone pair when the tether is only one methylene unit compared to two. This was observed
in the x-ray structure where the Rh–Rh–S angle of 122a (174°) was smaller than 120a
(178°). However, each of the thioether donors is different in these complexes and would
require crystallization of 121a or 123a for further evidence.
A substrate scope was then conducted by Cris Zavala at 5 equivalents of olefin
and 2 mol% of the lead catalyst 125a (Figure 3.7). The 5 equivalents of olefin were used
for a better comparison to the conventional use of 10 equivalents. Styrene derivatives
maintained excellent yields with the reaction of 4-t-butylstyrene generating the product in
99% yield. The lower yield of 4-chlorostyrene is consistent with the inductive withdrawing
effects of the Cl, which results in a less nucleophilic olefin. This is in contrast to the
electron rich olefin, ethyl vinyl ether, which afforded quantitative amounts of the
cyclopropane product. The introduction of steric hindrance via disubstituted olefins was
well tolerated and also resulted in excellent yields. Again, the more electron rich diphenyl
olefin resulted in a slight increase in yield compared to the methyl/phenyl substituted
olefin.

The more synthetically challenging substrate norbornene afforded the

corresponding cyclopropane in 55% yield. Although a preference for the trans product is
seen for select substrates, it is not by a large margin nor markedly different than that
observed in the literature.223 This was anticipated as bulky ester groups and bulky bridging
ligands are the primary sources of diastereoselectivity and neither were present in these
reactions.

3.4 Cyclopropanation of Olefins with Donor/Acceptor Diazo
Compounds
The capability of the novel RhII catalysts were further tested with the
donor/acceptor diazo reagent methyl (4-nitro)phenyldiazoacetate. This diazo reagent
historically resulted in low yields and formation of the homocoupled dimer product.21 The

178

Figure 3.7 Select substrate scope with lead catalyst 125a
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yield with carboxamidate 120a was lower than that obtained with Rh2(OAc)4 (Table 3.2,
entries 1 and 2). A control reaction was conducted by combining Rh2(OAc)4 and one
equivalent of ligand 107. It was expected that axial coordination of the exogenous ligand
during catalysis would be evidenced by a yield similar to 120a. Rather, similar results to
that obtained by Rh2(OAc)4 were observed (Table 3.2, entry 3).

This supports that

incorporating the ligand onto the RhII complex is necessary for modifying its reactivity. In
an attempt to increase the yield, the reaction with120a was examined reflux (Table 3.2,
entry 4). This resulted in the yield doubling, although it was still low. It was noted that a
higher preference for the cyclopropane product was observed at elevated temperatures.
As a means of increasing the yield even more, higher temperatures were examined (Table
3.2, entries 5 and 6). Switching to DCE enabled higher temperatures to be achieved,
while still employing a chlorinated solvent. The elevated temperature achieved with DCE
gave the highest yield, along with the highest ratio of cyclopropane product to diazo dimer
for both 120a and Rh2(OAc)4. As was observed with EDA, the bis-substituted complexes
120b/c gave the desired cyclopropane in low yield but showed a comparable preference
for the formation of cyclopropane over the diazo dimer product (Table 3.2, entry 7). These
results indicate that the novel RhII complexes are not highly effective for reactions with
donor/acceptor diazo reagents.

Rather, they are better suited as catalysts for the

cyclopropanation of olefins and acceptor diazo reagents.

3.5 Computational Analysis
To gain further insight into the influence of the tethered thioether with regards to
reactivity, calculations were conducted by Anthony Abshire.

All calculations were

conducted at the MO6-2X/def2-TZVPP level of theory and allowed determination of the
ground state energies of Rh2(OAc)4, 126a, 120a, and 125a.224 The coordinates obtained
from the crystal structures served as starting points in the calculations for 120a and 125a.
From the models of the complexes in the ground state, the energy levels of the HOMO
and LUMO were determined (Figure 3.8).

The HOMO energy rises in the order

126a<125a<120a, which was also observed experimentally by CV analysis.

In

conjunction with the destabilization of the HOMO, an even larger destabilization of the
LUMO was observed. The donating ability of the thioether groups could be seen with
more destabilization by the stronger donor (methyl thioether of 120a) compared to the
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Table 3.2 Cyclopropanation of styrene and methyl (4-nitro)phenyldiazoacetate
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Figure 3.8 Calculations of the HOMO and LUMO energies of select RhII complexes with
and without axial coordination.
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weaker donor (aryl thioether of 125a). The combined destabilization of the HOMO and
LUMO results in an overall increase in the HOMO-LUMO gap, which agrees with
experimental UV-Vis data (See Figure 2.21).
Although calculations on RhII catalysts have been conducted, very few examine
axial coordination.13, 83 One example, by Davies and co-workers, compared the reaction
pathways

of

Rh2(OAc)4 and

the

mono-adduct

Rh2(OAc)4٠OC(CH3)2

in

the

cyclopropanation of styrene and a donor/acceptor diazo reagent.225 This study showed
that axial coordination resulted in a higher energy intermediate upon coordination of the
diazo compound compared to intermediate generated from Rh2(OAc)4. Furthermore, the
energy barrier for the extrusion of N2 by Rh2(OAc)4٠OC(CH3)2 was higher than the
uncoordinated Rh2(OAc)4. It is believed that the axial coordination of the tethered thioether
acts in a similar manner to Rh2(OAc)4٠OC(CH3)2. This provides a reasonable explanation
why the novel RhII catalysts proceeded more readily at elevated temperatures.
Further calculations were then conducted for the carbenoid species formed
between EDA and Rh2(OAc)4, 126a, 120a, and 125a (Figure 3.9). The LUMO of the
carbenoid is primarily considered during the catalytic cycle because it undergoes
nucleophilic attack by the olefin. Complexes 126a(EDA) and Rh2(OAc)4(EDA) show the
common 3c/4e π system which can stabilize the carbenoid. Alternatively, 120a(EDA) and
125a(EDA) indicate a disruption of the 3c/4e system. This is evidenced by a mixed
electronic environment at the Rh core, with interactions of both π symmetry (Rh–C) and
σ symmetry (Rh–S). It is possible this electronic mixing is the cause of the destabilization
of the LUMO for complexes 120(EDA) and 125(EDDA). Electronic mixing has been
shown to result in the destabilization of the LUMO of other complexes with metal-metal
bonds.226 Both 120a(EDA) and 125a(EDA) do not show a dramatic increase in the LUMO
energy compared to 126a(EDA) (8.76 and 7.29 kcal/mol, respectively). However, this
further supports that axial coordination can modulate the carbenoid LUMO energy.
A more notable difference is observed between the HOMOs of the RhII complexes. It
is evident that the HOMO of 126a comprises different orbitals than the HOMOs of 120a
and 125a. The HOMOs of RhII carbenoids without axial coordination, 126a(EDA) and
Rh2(OAc)4(EDA), do not have any electron density on the carbenoid carbon. Conversely,
the HOMOs of carbenoids with axial coordination, 120a(EDA) and 125a(EDA), show
electron density localized on the carbon of the carbene. The examination of lower energy
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Figure 3.9 Calculated HOMO and LUMO energies of RhII carbenoids with and without
axial coordination
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orbitals of 126a(EDA) shows that orbital with electron density on the carbene carbon is
present as the HOMO -1 (Figure 3.10, a). This suggests that axial coordination results in
destabilization of this orbital, which results in it then becoming the new HOMO. This is
further supported by the HOMO -1 of 125a(EDA) having the same orbital topology as the
HOMO of 126a(EDA) (Figure 3.10, b).
Based on the similar topologies of the LUMOs of each carbenoid species, it stands
to reason that each will initially undergo this process. The nucleophilic olefin should readily
attack the electrophilic carbene carbon. However, higher yields are clearly observed with
the novel RhII catalysts compared to the control catalyst 126a. Davies and co-workers
calculated similar qualitative orbital topologies for carbenoids generated by Rh–Bi
paddlewheel complexes and diazo methane.227 It was stated that the localization of
electron density on the carbene carbon should result in a more nucleophilic carbenoid.
This theory provides a plausible explanation as to why axially coordinated complexes are
more reactive than complexes without axial coordination. It is generally accepted for
cyclopropanation to proceed via a concerted yet asynchronous process. This process is
initiated by nucleophilic attack of the carbene by the olefin substrate. Based on the similar
topologies of the LUMOs of each carbenoid species, it stands to reason that each will
initially undergo this process. The formation of the cyclopropane ring could be more
readily facilitated by complexes with axial coordination because the HOMO lies partially
on the carbene carbon.

3.6 Conclusion
In conclusion, heteroleptic RhII complexes containing tethered thioether groups
were applied as catalysts for the cyclopropanation of olefins. Both the acceptor diazo
reagent EDA and the donor/acceptor diazo reagent methyl (4-nitro)phenyldiazo acetate
underwent cyclopropanation with olefin substrates using the novel RhII catalysts. The
novel catalysts demonstrated higher yields with acceptor diazo reagents than
donor/acceptor diazo reagents, outcompeting the control catalysts. It was demonstrated
that the length of the tether, in conjunction with donating strength, influences reactivity in
both catalyst synthesis and catalytic reactions. It was demonstrated that the tethered
thioether facilitated high yields as catalysts in the cyclopropanation of equimolar amounts
of styrene with EDA. The observed reactivity did not correlate with the predicted donating
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Figure 3.10
carbenoids

Comparison of the HOMO and HOMO -1 between 125a and 126a
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strength of the thioether. Computational methods were then employed and indicate that
the different HOMO orbitals of the tethered complexes may facilitate the formation of the
cyclopropane ring, as a result of having a more electron rich carbene carbon.
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Chapter 4 - Experimental Procedures
4.1 General Considerations
Unless otherwise noted, all reagents were used as received from the manufacturer
without further purification. (S)-4-(2-(methylthio)ethyl)-2-oxazolidinone (107) and (R)-4((methylthio)methyl)oxazolidin-2-one) (118) were both synthesized via procedures
established in the literature.188, 190 Methyl 2-diazo-2(4-nitrophenyl)acetate was prepared
from 2-(4-nitrophenyl)acetic acid according to literature procedures.228, 229 All products that
had been previously synthesized were verified, using 1H NMR, against that established in
the literature. All reactions were carried out under a nitrogen atmosphere using Schlenk
techniques unless otherwise specified. Hexanes, THF, diethyl ether, DCM, and MeCN
were dried with columns packed with alumina using an Inert® PureSolv Micro Solvent
Purification System and stored over molecular sieves. Reactions were monitored using
TLC on Sorbent Technologies Silica XG TLC Plates. Column chromatography was
performed using 60 Å, 40-63 µm silica from Sorbent Technologies. 1H and

13

C NMR

spectra were recorded on a Varian Mercury Vx 300 MHz, Bruker 400 MHz, Varian VNMRS
500 MHz, or Varian VNMRS 600 MHz spectrometers. All NMR chemical shifts are
reported in ppm on the δ (ppm) scale. Signals were referenced by residual solvent signal
for 1H NMR (CHCl3 = 7.26 ppm, acetone = 2.05 ppm, MeCN = 1.94 ppm, DMSO = 2.50
ppm) and
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C NMR (CHCl3 = 77.16 ppm, acetone = 206.26 ppm, MeCN = 1.32 ppm,

DMSO = 39.52 ppm). Cyclic voltammetry experiments were performed inside an N2-filled
electrochemical cell in MeCN with 0.1 M [TBA][PF6] as the supporting electrolyte.
Anhydrous MeCN and electrochemical grade [TBA][PF6] were purchased from
SigmaAldrich and used as received. The voltammograms were recorded with a BASi
Epsilon potentiostat, using a 2.5 mm (o.d.) 1.0 mm (i.d.) Pt-disk working electrode, Agwire quasi-reference electrode, and a Pt wire auxiliary electrode. Reported potentials are
referenced to the Fc/Fc+ redox couple, added as an internal standard at the conclusion of
each experiment. The mass spectra for compounds 113-116 were obtained using an
AccuTOF Mass spectrometer equipped with a DART ionization apparatus. The mass
spectra for 120a and 120b/c were obtained using an Exactive Plus OrbitrapTM Mass
Spectrometer (Thermo Scientific, San Jose, CA, USA) via direct injection. Finally, the
mass spectra for complexes 121a, 123a, and 125a were obtained using a Water SYNAPT
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G2-Si MALDI-TOF Mass Spectrometer. The matrix consisted of 2,5-dihydroxybenzoic
acid with 1% trifluoroacetic acid as a cationization agent. Samples consisted of an
analyte:matrix ratio of 1:1. The sample spot size was 1 μL of this mixture and was analyzed
under the positive ionization mode. Each sample was scanned 100 times over the course
of 100 seconds. X-ray diffraction experiments were conducted using a Bruker APEX-II
CCD diffractometer and solved with OLEX2.230 UV-Visible data was obtained in a 10mm
quartz cell using a Cary 5000 spectrophotometer. Elemental analysis was conducted by
Atlanta Microlabs.

4.2 Ligand Synthesis
(R)-4-((tert-butylthio)methyl)oxazolidin-2-one (113)
To a flame dried 5 mL flask, equipped with a stir bar, was added compound 112 (0.16 g,
.60 mmol) and tBu thiol (.13 mL, 1.1 mmol). The reagents were then dissolved in 6 mL
acetone and heated to 45 °C for 24 hours. The reaction was then filtered, and the filtrate
was concentrated in vacuo. This mixture was then purified by column chromatography
(25% EtOAc/Hexanes to 50% EtOAc/Hexanes) to afford 119 as a pale-yellow oil (47 mg,
0.25 mmol, 42% yield). 1H NMR (300 MHz, Chloroform-d) δ 5.33 (s, 1H), 4.58 – 4.47
(m, 1H), 4.15 (dd, J = 8.9, 5.1 Hz, 1H), 4.01 – 3.88 (m, 1H), 2.76 – 2.62 (m, 2H), 1.33 (s,
9H). Calculated m/z: [M+H]+ = 204.1014, found m/z: [M+H]+ = 204.1069

(S)-4-(2-(phenylthiol)oxazolidin-2-one (114)
To a flame dried 5 mL flask, equipped with a stir bar, was added compound 112 (0.10 g,
0.36 mmol), followed by thiophenol (1.5 mL, .54 mmol). The reagents were then dissolved
in 1 mL acetone and set to reflux for four hours. Having concentrated the reaction in
vacuo, the resultant mixture was dissolved in 2 mL DI water and extracted twice with 2 mL
DCM. The organic was washed with brine (1 X 1 mL) and saturated sodium bicarbonate
solution (1 X 1 mL). The organic layer was then dried over anhydrous sodium sulfate and
concentrated.

This mixture was then purified by column chromatography (2.5%

MeOH/DCM) to afford 114 as a yellow oil (68 mg, 0.29 mmol, 84% yield). 1H NMR (500
MHz, Chloroform-d) δ 7.38 – 7.21 (m, 4H), 5.73 – 5.65 (m, 1H), 4.55 – 4.47 (m, 1H), 4.09
– 3.99 (m, 2H), 2.97 (td, J = 7.0, 2.5 Hz, 2H), 1.99 – 1.83 (m, 2H).

13

C NMR (126 MHz,

Chloroform-d) δ 159.18, 134.88, 129.88, 129.20, 126.79, 51.63, 34.33, 30.21. Calculated
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m/z: [M+H]+ = 224.0701, found m/z: [M+H]+ = 224.0691

(S)-4-(2-((4-methoxyphenyl)thio)ethyl)oxazolidin-2-one (115)
Compound 112 (0.43 g, 1.5 mmol) was added to a flame dried, 5 mL, flask equipped with
a stir bar. 4-methoxybenzenethiol (1.5 mL, 13 mmol) was then added before dissolving
the reagents in 6 mL acetone. The reaction was then heated to 45 °C for 24 hours before
being concentrated in vacuo. The resultant mixture was dissolved in 10 mL DI water and
extracted DCM (2 X 5 mL). The organic was washed with brine solution (1 X5 mL) and
saturated sodium bicarbonate solution (1 X 5 mL) before being dried with anhydrous
sodium sulfate. Having removed the solvent, the mixture was further purified by column
chromatography (25% EtOAc/Hexanes to 50% EtOAc/Hexanes) to afford 115 as a paleyellow oil (0.1181 g, 0.58 mmol, 39% yield). 1H NMR (500 MHz, Chloroform-d) δ 7.37 –
7.33 (m, 2H), 6.88 – 6.84 (m, 2H), 5.43 (s, 1H), 4.51 – 4.46 (m, 1H), 4.06 – 3.97 (m, 2H),
3.81 (s, 3H), 2.86 (t, J = 7.0 Hz, 2H), 1.90 – 1.79 (m, 2H). 13C NMR (126 MHz, Chloroformd) δ 159.43, 133.76, 124.86, 114.88, 69.95, 55.36, 51.65, 34.41, 32.30.

(S)-4-(2-((2,3,5,6-tetrafluorophenyl)thio)ethyl)oxazolidin-2-one (116)
To a flame dried 5 mL flask, equipped with a stir bar, was added compound 112 (0.43 g,
1.5 mmol) followed by 2,3,5,6-tetrafluorobenzenethiol (1.5 mL, 13 mmol). The reagents
were then dissolved in 6 mL acetone and heated to 45 °C for 24 hours. The reaction was
then concentrated in vacuo. The resultant mixture was dissolved in 10 mL DI water and
extracted twice with 5 mL DCM. The organic was washed with 5 mL brine solution and 5
mL saturated sodium bicarbonate solution. The organic was then dried with anhydrous
sodium sulfate and concentrated.

This mixture was then purified by column

chromatography (25% EtOAc/Hexanes to 50% EtOAc/Hexanes) to afford 116 as a paleyellow oil (0.1181 g, 0.58 mmol, 39% yield). 1H NMR (500 MHz, Chloroform-d) δ 7.07 (tt,
J = 9.5, 7.3 Hz, 1H), 6.71 (s, 1H), 4.52 (t, J = 8.2 Hz, 1H), 4.11 – 4.00 (m, 2H), 3.06 – 2.90
(m, 2H), 1.93 – 1.73 (m, 2H).

C NMR (126 MHz, Chloroform-d) δ 148.11 – 147.87 (m),
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147.12 (ddd, J = 15.0, 10.4, 4.2 Hz), 146.13 – 145.89 (m), 145.12 (ddd, J = 15.2, 10.4, 4.3
Hz), 114.26 (t, J = 20.0 Hz), 106.62 (t, J = 22.8 Hz). 19F NMR (470 MHz, Chloroform-d) δ
-133.63 – -133.83 (m), -137.51 – -137.72 (m). Calculated m/z: [M+H]+ = 296.0290, found
m/z: [M+H]+= 296.0627.
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4.3 Complex Synthesis
General Soxhlet Procedure. The following reaction was modified from past
methods developed by Doyle.76 To a three-neck round bottom flask, fitted with a Soxhlet
apparatus with a thimble containing an oven-dried 5% sand/sodium carbonate mixture,
was added to the desired ligand (1 eq) and Rh2(OAc)4 (48 mg, 0.30 mmol). Dry PhCl (25
mL) was added via a syringe to dissolve the reagents. The reaction was refluxed for six
hours, allowed to cool, and concentrated in vacuo. The mixture was then dissolved in
methanol and any insoluble material was filtered.

The filtrate afforded a mixture of

substitution products which were concentrated in vacuo and separated by column
chromatography (1:1 MeCN/toluene).

General Solvothermal Procedure. To a flame dried 25 mL Youngs tube charged
with Rh2(OAc)4 (48 mg, 0.30 mmol) was added the ligand (1 eq) and DCE (13 mL). The
reaction was then heated in an oil bath set to 115 °C until a back pressure was observed,
and the tube was sealed with a Teflon tap. The reaction was monitored by TLC and upon
the formation of the bis-substituted product, the reaction was allowed to cool. The reaction
was transferred to a flask and concentrated in vacuo. The mono-substituted product was
removed by column chromatography (1:1 MeCN/toluene). The remaining fractions were
combined, concentrated, and transferred back to the Youngs tube with THF. The sample
was concentrated and fresh DCE (13 mL) was added to the flask. This constituted one
cycle and was repeated for future cycles.

General Microwave Procedure. All microwave reactions were conducted using
a Biotage Initiator+ microwave reactor. Variable power was applied, up to 400W, to
maintain the set temperature which was measured using an IR sensor. Hold time indicates
the amount of time the reaction was maintained at the set temperature and does not
include the time required to reach the set temperature. A 2-5 mL microwave vial, equipped
with a magnetic stir bar, was charged with Rh2(OAc)4 (15 mg, 34 mmol) and the desired
ligand (34 mmol). The edges of the flask were rinsed with 4 mL of solvent. The vial was
then capped and run under the conditions outlined in Table 3.2 under normal absorbance.
The product distribution for the optimization of the ligand exchange reaction with ligand
107 was quantified via HPLC using 75% 1:1 MeCN:MeOH with 0.1% TFA/25% water with
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0.1%TFA on a C18 column. Compounds 120b and 120c eluted together. Calibration
curves were generated for 120a, 120b/c, and Rh2(OAc)4. The yields for complexes 121125 and 126a were determined after isolation of the material by column chromatography
((1:1 MeCN/toluene).

Rh2(OAc)3MeTOX٠MeCN (120a)
H NMR (500 MHz, CDCl3/CD3CN) δ 4.31 (s, 1H), 3.62 (s, 2H), 3.04 (s, 2H), 2.55 (s, 3H),

1

1.96 (ddd, J = 4.9, 2.4, 0.8 Hz, 1H), 1.94 (s, 3H), 1.86 (m, J = 9.7, 5.1 Hz, 1H), 1.83 (s,
3H), 1.81 (s, 3H).

C NMR (126 MHz, CDCl3/CD3CN) δ 191.91, 191.36, 190.90, 168.37,

13

69.73, 59.30, 35.64, 30.30, 23.82, 23.76, 23.28, 17.90 ppm. Calculated m/z: [M+H]+ =
543.9019, found m/z: [M+H]+ = 543.9011. Anal. Calcd for C14H22N2O8 Rh2S: C, 28.78; H,
3.80; N, 4.80; S, 5.49. Found: C, 28.62; H, 3.71; N, 4.30; S, 5.39.

Rh2(OAc)2(MeTOX)2 (120b/c)
Compounds 120b and 120c were isolated together as a red solid (8.5 mg, 12 % yield) 1H
NMR (400 MHz, CDCl3) δ 4.33 – 4.23 (m, 1H), 3.76 – 3.53 (m, 2H), 3.23 (dd, J = 13.3,
5.5, 2.1 Hz, 1H), 3.11 – 3.04 (m, 1H), 2.98 (td, J = 13.2, 12.5, 2.6 Hz, 1H), 2.62 (s, J = 8.6
Hz, 3H), 2.09 – 1.70 (m, 6H). 13C NMR (101 MHz, Chloroform-d) δ 192.09, 191.77, 140.34,
135.25, 132.44, 131.66, 129.49, 128.98, 128.67, 128.52, 126.17, 54.57, 48.65, 28.36,
23.99. Calculated m/z: [M+H]+ = 644.9319, found m/z: [M+H]+ = 644.9269. Anal. Calcd
for C16H26N2O8Rh2S2: C, 29.83; H, 4.08; N, 4.35; S, 9.96. Found: C, 29.20; H, 3.94; N,
4.18; S, 9.47.

trans-Rh2(OAc)2(MeTOX)2 (120c)
H NMR (500 MHz, Chloroform-d) δ 4.30 (t, J = 7.7 Hz, 1H), 3.66 (dd, J = 11.1, 7.6 Hz,

1

1H), 3.59 (m, J = 11.2, 9.7, 7.8, 1.6 Hz, 1H), 3.13 – 3.02 (m, 2H), 2.61 (s, 3H), 2.02 – 1.84
(m, 2H), 1.90 (s, 3H).

C NMR (126 MHz, Chloroform-d) δ 190.27, 167.77, 69.58, 59.69,

13

35.64, 30.75, 29.85, 23.68, 17.73, 1.16.

Rh2(OAc)3SerMeTOX (121a)
H NMR (500 MHz, Chloroform-d) δ 4.69 (t, J = 8.0 Hz, 1H), 4.11 (m, J = 11.4, 10.2, 7.8,

1

3.5 Hz, 1H), 3.98 (dd, J = 10.4, 8.2 Hz, 1H), 2.86 (dd, J = 12.2, 3.5 Hz, 1H), 2.55 (s, 3H),
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2.26 (t, J = 12.0 Hz, 1H), 2.03 (s, 3H), 1.84 (d, J = 5.4 Hz, 6H).13C NMR (126 MHz,
Chloroform-d) δ 192.49, 192.22, 191.04, 168.35, 72.96, 59.70, 41.16, 24.27, 24.18, 23.77,
16.27. Calculated m/z: [M+H]+ = 529.8863, found m/z: [M+H]+= 529.3375. Anal. Calcd
for C11H17NO8Rh2S: C, 24.97; H, 3.25; N,2.65; S, 6.06. Found: C, 29.71; H, 4.26; N, 2.74.
Rh2(OAc)3(tBuTOX) (123a)
H NMR (500 MHz, Chloroform-d) δ 4.45 – 4.39 (m, 1H), 3.76 – 3.65 (m, 1H), 3.11 (ddd,

1

J = 12.7, 5.4, 2.7 Hz, 1H), 2.97 (td, J = 12.4, 3.0 Hz, 1H), 2.11 (dddd, J = 14.7, 5.4, 3.0,
1.3 Hz, 1H), 1.99 (s, 3H), 1.87 (s, 3H), 1.84 (s, 3H), 1.84 – 1.76 (m, 1H), 1.66 (s, 10H).
C NMR (126 MHz, Chloroform-d) δ 190.82, 190.79, 189.00, 167.23, 70.04, 58.95, 49.59,

13

31.96, 29.15, 29.03, 24.07, 23.90, 23.34. Calculated m/z: [M+H]+ = 585.9489 , found m/z:
[M+H]+ 585.9444. Anal. Calcd for C15H25NO8Rh2S: C, 30.79; H, 4.31; N, 2.39; S, 5.48.
Found: C, 32.80; H, 4.79; N, 2.42; S, 5.18.

Rh2(OAc)3(PhTOX) (125a)
H NMR (500 MHz, Chloroform-d) δ 7.93 – 7.89 (m, 2H), 7.44 – 7.40 (m, 3H), 4.45 – 4.38

1

(m, 1H), 3.83 – 3.73 (m, 2H), 3.55 (ddd, J = 13.1, 5.8, 2.3 Hz, 1H), 3.37 (ddd, J = 13.1,
11.8, 2.5 Hz, 1H), 2.18 (dddd, J = 14.8, 6.0, 2.6, 1.4 Hz, 1H), 2.02 (dddd, J = 14.6, 12.1,
9.9, 2.4 Hz, 1H), 1.96 (s, 3H), 1.88 (s, 3H), 1.81 (s, 3H).

13

C NMR (126 MHz, Chloroform-

d) δ 191.27, 190.97, 189.55, 167.73, 133.00, 131.05, 129.04, 128.54, 69.89, 59.09, 37.26,
31.16, 23.94, 23.91, 23.35. Calculated m/z: [M+H]+ = 605.9176 , found m/z: [M+H]+
605.9180. Anal. Calcd for C17H21NO8Rh2S: C, 33.74; H, 3.50; N,2.32; S, 5.30. Found: C,
37.79; H, 4.40; N, 2.51.

4.4 Catalytic Reactions
General Procedure for the Cyclopropanation of 1 Equivalent of Styrene. Under an
atmosphere of N2, a 25 mL Schlenk flask equipped with a magnetic stir bar was flame
dried and charged with styrene (0.19 mL, 1.7 mmol, 1.0 equiv.), catalyst (2 mol%), and
DCE (0.5 mL). The solution was then brought to the desired temperature, followed by slow
addition of ethyl diazoacetate (1.7 mL, 0.17 mmol, 1.0 equiv.) by a syringe pump (1 mL/hr).
Once the addition was complete, 16.54 μL of mesitylene standard was added to the
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reaction mixture and stirred. The solution was then eluted through a Nylon66 0.2 μm
syringe filter into a 2 mL glass GC vial. Yields and diastereoselectivity were determined
by gas chromatography using a multiple point internal standard of the cyclopropyl product
and mesitylene as the internal standard.231

General Procedure for the Cyclopropanation of 5 Equivalents of Olefin Substrates.
Under an atmosphere of N2, a 25 mL Schlenk flask equipped with a magnetic stir bar was
flame dried and charged with an olefin (8.5 mmol, 5.0 equiv.), 125a (2 mol%), and DCE
(0.5 mL). The solution was then brought to the desired temperature, followed by slow
addition of ethyl diazoacetate (1.7 mL, 0.17 mmol, 1.0 equiv.) by a syringe pump (1 mL/hr).
After the addition was complete, the reaction solution was filtered through a 1.5-inch silica
plug and eluted with 4 mL of DCM. The eluent was then concentrated in vacuo with a
rotary evaporator. 10 μL of mesitylene was then added as an internal standard for 1H NMR
determination of cyclopropane product yield and diastereoselectivity.
Cyclopropanation of Olefin Substrates at 5 Equivalents: 1H NMR Yield Calculations.
Yields and diastereoselectivities for each cyclopropanation were calculated using 1H NMR
and mesitylene as an internal standard. Normalized integration of the methyl protons of
mesitylene (2.26 ppm) was compared to the integration of the diastereotopic protons of
the methylene unit of the cyclopropane for the cis (2.06 ppm) and trans (1.90 ppm) isomers
to give the total yield of the cyclopropyl product.
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Appendix A - NMR Spectra
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S 18 1H NMR spectrum of compound 121a
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S 20 1H NMR spectrum of compound 122a
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236

S 23

13

C NMR spectrum of compound 123a
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S 26 VT 1H NMR of compound 125a showing no change in thioether ligand signals
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S 27 VT 1H NMR spectra of compound 123a prepared under dry conditions indicating
that the water being dissociated from the axial site

241

S 28 1H NMR spectrum of ligand 115 with Rh2(OAc)4 which precipitated from pressure
tube synthesis
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S 29 13C NMR spectrum of ligand 115 with Rh2(OAc)4 which precipitated from pressure
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Appendix B - Crystallographic Data
The complete crystallographic data sets for 120a (CCDC Deposition # 2021387) and 125a
(CCDC Deposition # 1861874) are available free of charge from the Cambridge
Crystallographic Data Center.

Compound 112
Table 1 Crystal data and structure refinement for DAC_253_L_0m_a.
Identification code
DAC_253_L_0m_a
Empirical formula
C12H15NO5S
Formula weight
285.31
Temperature/K
99.99
Crystal system
orthorhombic
Space group
P212121
a/Å
11.9443(6)
b/Å
17.2365(8)
c/Å
18.9212(9)
α/°
90
β/°
90
γ/°
90
Volume/Å3
3895.5(3)
Z
12
ρcalcg/cm3
1.459
-1
μ/mm
2.388
F(000)
1800.0
3
Crystal size/mm
?×?×?
Radiation
CuKα (λ = 1.54178)
2Θ range for data collection/° 6.936 to 144.358
Index ranges
-14 ≤ h ≤ 14, -15 ≤ k ≤ 21, -23 ≤ l ≤ 23
Reflections collected
31269
Independent reflections
7643 [Rint = 0.0413, Rsigma = 0.0398]
Data/restraints/parameters
7643/0/525
2
Goodness-of-fit on F
1.074
Final R indexes [I>=2σ (I)]
R1 = 0.0323, wR2 = 0.0892
Final R indexes [all data]
R1 = 0.0334, wR2 = 0.0904
Largest diff. peak/hole / e Å-3 0.52/-0.58
Flack parameter
0.019(4)
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2×103) for DAC_253_L_0m_a. Ueq is defined as 1/3 of
of the trace of the orthogonalised UIJ tensor.
Atom
x
y
z
U(eq)
S001
7740.4(6)
473.6(3)
4316.3(3)
18.00(14)
S002
1642.6(6)
2531.6(3)
1163.9(3)
20.46(15)
S003
8346.7(6)
3866.4(3)
3997.7(3)
21.17(15)
O004
3647.1(17)
6542.5(9)
3763.4(10)
21.0(4)
O005
6205.1(18)
4810.1(10)
861.0(10)
25.2(4)
O006
3568(2)
3428.5(10)
3886.8(10)
27.5(5)
O007
4044.0(18)
6806.9(11)
2629.2(10)
25.2(4)
O008
4078(2)
3580.1(11)
2758.4(11)
32.2(5)
O009
5890(2)
5155.7(12)
1986.8(11)
32.1(5)
O00A
2813.8(17)
2253.4(10)
867.4(10)
23.1(4)
O00B
7031.1(18)
-175.9(10)
4455.9(10)
24.7(4)
O00C
7076.5(16)
1243.2(9)
4475.1(9)
19.3(4)
O00D
1581.6(18)
3358.4(10)
1165.1(10)
26.1(4)
O00E
8765.4(17)
555.2(10)
4702.5(10)
24.6(4)
O00F
7796(2)
3197.7(11)
4280.8(10)
29.2(5)
O10
7571.4(17)
4600.6(10)
4103.0(10)
24.6(4)
N00H
4741(2)
5723.4(13)
3186.3(12)
22.6(5)
O00I
9401.1(19)
4104.5(11)
4282.2(11)
29.9(5)
O00J
853.8(19)
2099.1(12)
757.7(11)
31.5(5)
N00K
5236(2)
4004.6(12)
1530.4(12)
22.8(5)
N00L
4396(2)
2442.0(14)
3363.3(12)
26.1(5)
C00M
4149(2)
6374.8(14)
3135.2(13)
18.5(5)
C00N
5773(3)
4682.1(16)
1512.6(14)
23.8(6)
C00O
1938(2)
1430.5(15)
2176.7(15)
23.9(6)
C00P
4039(2)
3168.7(15)
3281.3(14)
21.3(5)
C00Q
8565(2)
616.0(15)
1979.2(14)
22.8(5)
C00R
7841(3)
3191.6(15)
2730.9(15)
24.4(6)
C00S
1646(2)
2198.1(13)
2043.1(14)
19.7(5)
C00T
7653(2)
-48.1(14)
2949.4(14)
21.4(5)
C00U
5792(3)
4211.2(15)
388.4(14)
22.8(5)
C00V
5361(2)
3564.9(14)
879.1(14)
20.7(5)
C00W
8450(2)
3764.0(13)
3077.6(14)
20.0(5)
C00X
9206(3)
4198.6(16)
1977.5(16)
28.6(6)
C00Y
8609(3)
3631.8(16)
1613.0(15)
25.9(6)
C00Z
1223(3)
2391.0(15)
3268.7(14)
25.0(6)
C010
9134(3)
4271.4(15)
2702.6(15)
24.7(6)
C011
8909(2)
1196.9(15)
2452.4(15)
23.4(5)
C012
3623(3)
2829.9(14)
4420.0(14)
23.5(6)
C013
4268(2)
3199.7(14)
622.5(13)
20.2(5)
C014
1300(3)
2683.8(14)
2582.8(15)
23.8(6)
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Table 2 continued
C015
1501(3)
C016
7928(3)
C017
1881(3)
C018
7935(3)
C019
8643(2)
C01A
8910(3)
C01B
8021(2)
C01C
4637(2)
C01D
4290(2)
C01E
1390(3)
C01F
3964(3)
C01G
8684(3)
C01H
5965(2)
C01I
5419(2)
C01J
5778(2)
C01K
6425(2)
C01L
3811(2)

1623.9(15)
3127.9(15)
1153.4(15)
2.7(15)
1157.7(14)
666.5(18)
529.6(13)
5346.3(14)
2161.3(13)
1288.3(17)
5965.1(15)
3564(2)
1297.8(13)
2024.3(13)
5191.0(14)
4567.7(15)
2630.6(15)

3415.5(15)
2002.3(16)
2862.2(16)
2237.5(15)
3160.9(14)
1216.9(16)
3408.7(13)
3873.8(13)
4085.1(14)
4145.7(16)
4281.9(14)
823.7(16)
4155.9(14)
4442.8(13)
4210.0(14)
3827.5(15)
1154.6(14)

24.0(5)
26.8(6)
25.9(6)
24.7(6)
21.5(5)
31.7(7)
18.3(5)
21.3(5)
19.8(5)
31.7(6)
27.4(6)
38.4(8)
21.1(5)
19.3(5)
21.4(5)
24.6(6)
23.7(5)

Table 3 Anisotropic Displacement Parameters (Å2×103) for DAC_253_L_0m_a. The
Anisotropic displacement factor exponent takes the form: 2π2[h2a*2U11+2hka*b*U12+…].
Atom
U11
U22
U33
U23
U13
U12
S001
24.1(3)
17.0(3)
12.9(3)
1.20(19)
-1.2(2)
1.3(2)
S002
24.7(3)
20.9(3)
15.8(3)
-0.2(2)
-1.8(3)
-2.4(2)
S003
25.3(3)
22.5(3)
15.8(3)
3.2(2)
-1.5(3)
2.7(2)
O004
25.8(10)
21.2(8)
15.9(8)
2.5(6)
4.3(8)
2.1(7)
O005
32.0(11)
27.1(8)
16.5(9)
-3.0(7)
4.4(8)
-6.6(8)
O006
47.9(13)
18.5(7)
16.2(9)
2.8(7)
11.5(9)
6.0(8)
O007
30.8(12)
27.0(9)
17.8(9)
7.2(7)
4.7(8)
0.3(8)
O008
50.2(14)
29.2(9)
17.2(10)
5.5(8)
10.2(10)
3.5(9)
O009
36.6(12)
38.7(10)
20.9(10)
-11.6(8)
5.0(9)
-6.7(9)
O00A
27.9(11)
23.3(8)
18.1(9)
-3.0(7)
2.8(8)
-1.2(7)
O00B
36.3(12)
19.7(8)
18.3(9)
3.2(7)
2.9(8)
0.5(8)
O00C
21.9(10)
19.2(8)
16.9(8)
-3.0(6)
-3.3(7)
0.4(7)
O00D
31.7(11)
21.4(8)
25.1(10)
3.9(7)
-0.2(9)
1.7(7)
O00E
28.6(11)
28.3(9)
16.8(9)
1.3(7)
-4.4(8)
3.7(8)
O00F
37.7(12)
28.3(9)
21.5(10)
9.6(7)
3.2(9)
2.6(8)
O10
28.8(11)
24.2(8)
20.8(9)
-3.3(7)
-4.3(8)
1.2(7)
N00H
32.5(14)
24.4(10)
10.8(11)
0.5(8)
1.9(10)
5.1(9)
O00I
31.3(12)
35.8(10)
22.5(10)
0.9(8)
-7.3(9)
2.1(8)
O00J
34.9(12)
36.7(10)
23.0(10)
-1.3(8)
-7.7(9)
-9.9(9)
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Table 3 Continued
N00K 27.1(13)
N00L 37.6(15)
C00M 20.2(13)
C00N 24.8(15)
C00O 26.1(15)
C00P 26.9(15)
C00Q 21.6(14)
C00R 29.7(16)
C00S 19.3(13)
C00T 25.9(14)
C00U 27.6(15)
C00V 24.9(14)
C00W 25.8(14)
C00X 30.2(16)
C00Y 25.2(15)
C00Z 29.0(15)
C010 27.2(15)
C011 21.6(14)
C012 35.1(17)
C013 25.4(14)
C014 30.4(16)
C015 22.9(14)
C016 30.2(16)
C017 29.1(15)
C018 31.8(16)
C019 22.5(14)
C01A 33.3(17)
C01B 23.0(14)
C01C 27.9(15)
C01D 25.6(14)
C01E 33.8(17)
C01F 38.3(18)
C01G 38.5(19)
C01H 22.4(14)
C01I 25.3(14)
C01J 27.2(14)
C01K 26.1(15)
C01L 23.2(14)

29.2(11)
30.1(11)
21.3(11)
30.7(12)
22.1(11)
21.8(11)
29.9(12)
21.7(11)
21.1(10)
18.7(11)
26.8(11)
23.1(11)
18.6(10)
28.9(12)
32.8(13)
27.4(12)
21.8(11)
26.4(12)
21.3(10)
21.5(10)
20.9(11)
29.7(12)
27.2(12)
21.0(11)
24.2(12)
21.7(11)
43.7(15)
18.4(10)
22.1(11)
20.0(10)
38.8(14)
31.7(13)
58.1(19)
21.1(11)
18.4(10)
22.3(11)
24.3(11)
29.1(12)

12.0(10)
10.7(10)
14.1(11)
15.8(12)
23.4(14)
15.1(12)
17.1(13)
21.8(13)
18.6(12)
19.7(13)
13.9(12)
14.3(12)
15.5(11)
26.7(15)
19.7(13)
18.5(13)
24.9(14)
22.1(13)
14.0(12)
13.6(12)
20.0(13)
19.3(13)
22.9(14)
27.8(14)
18.0(13)
20.2(12)
18.1(13)
13.7(12)
14.0(12)
13.7(12)
22.4(14)
12.4(12)
18.5(15)
19.7(13)
14.1(12)
14.6(12)
23.4(13)
18.8(13)

Table 4 Bond Lengths for DAC_253_L_0m_a.
Atom Atom
Length/Å
Atom Atom
S001 O00B
1.429(2) C00O C00S
S001 O00C
1.5744(18) C00O C017
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-0.8(8)
-0.6(9)
0.0(9)
-2.2(10)
-1.6(10)
-1.9(9)
2.2(10)
2.7(9)
0.8(9)
1.3(9)
-2.8(10)
0.0(9)
1.7(8)
7.9(11)
3.5(10)
-4.9(10)
1.6(10)
6.0(10)
3.0(9)
-0.7(9)
-1.5(9)
2.4(10)
-2.7(10)
5.1(10)
-3.5(9)
-0.1(9)
4.6(12)
1.7(9)
2.7(9)
-0.1(9)
6.5(11)
6.5(10)
0.6(13)
-3.3(9)
-1.6(9)
1.9(9)
-2.2(10)
5.0(10)

Length/Å
1.392(3)
1.384(4)

2.5(9)
2.5(10)
0.0(10)
0.1(11)
3.7(11)
3.9(10)
-0.8(11)
1.0(12)
-0.3(11)
-1.0(11)
1.8(11)
1.3(11)
0.2(11)
9.3(13)
1.6(11)
0.0(11)
1.4(12)
-0.2(11)
5.5(11)
-0.5(10)
-3.2(11)
-2.3(11)
-2.7(12)
2.3(12)
-3.9(12)
-2.5(11)
3.9(13)
-0.3(10)
1.3(11)
2.2(10)
-1.7(13)
2.1(12)
0.7(13)
-3.7(11)
1.8(10)
-0.2(11)
-4.6(12)
-0.7(11)

-4.1(9)
13.3(10)
-4.6(9)
2.8(10)
1.6(10)
-0.6(10)
8.7(10)
-3.1(11)
-3.5(9)
0.2(9)
-6.4(11)
2.6(10)
4.1(10)
1.1(11)
11.5(11)
-0.6(11)
-1.6(11)
-1.0(10)
6.5(10)
0.5(10)
0.8(10)
-5.0(10)
0.9(11)
0.0(10)
4.4(11)
-1.4(10)
9.9(13)
2.7(9)
0.6(9)
1.7(10)
-4.1(12)
8.1(12)
11.7(15)
2.8(10)
-0.5(9)
0.0(10)
3.0(10)
-0.2(10)

Table 4 Continued
S001 O00E
1.433(2)
S001 C01B
1.752(3)
S002 O00A
1.582(2)
S002 O00D
1.4270(18)
S002 O00J
1.426(2)
S002 C00S
1.760(3)
S003 O00F
1.431(2)
S003 O10
1.5808(19)
S003 O00I
1.430(2)
S003 C00W
1.754(3)
O004 C00M
1.362(3)
O004 C01F
1.448(3)
O005 C00N
1.355(3)
O005 C00U
1.452(3)
O006 C00P
1.353(3)
O006 C012
1.445(3)
O007 C00M
1.220(3)
O008 C00P
1.218(3)
O009 C00N
1.221(3)
O00A C01L
1.461(3)
O00C C01H
1.461(3)
O10 C01K
1.466(3)
N00H C00M
1.330(3)
N00H C01C
1.460(3)
N00K C00N
1.333(4)
N00K C00V
1.455(3)
N00L C00P
1.332(3)
N00L C01D
1.455(3)

C00Q C011
C00Q C018
C00Q C01A
C00R C00W
C00R C016
C00S C014
C00T C018
C00T C01B
C00U C00V
C00V C013
C00W C010
C00X C00Y
C00X C010
C00Y C016
C00Y C01G
C00Z C014
C00Z C015
C011 C019
C012 C01D
C013 C01L
C015 C017
C015 C01E
C019 C01B
C01C C01F
C01C C01J
C01D C01I
C01H C01I
C01J C01K

1.405(4)
1.386(4)
1.502(4)
1.390(4)
1.387(4)
1.384(4)
1.391(4)
1.393(4)
1.539(3)
1.529(4)
1.391(4)
1.392(4)
1.380(4)
1.399(4)
1.501(4)
1.396(4)
1.391(4)
1.379(4)
1.538(3)
1.508(3)
1.400(4)
1.504(4)
1.394(4)
1.543(4)
1.528(4)
1.527(4)
1.513(3)
1.508(4)

Table 5 Bond Angles for DAC_253_L_0m_a.
Atom Atom Atom
Angle/˚
Atom Atom Atom
O00B S001 O00C
109.04(11) C014 C00S S002
O00B S001 O00E
119.30(12) C014 C00S C00O
O00B S001 C01B
109.76(12) C018 C00T C01B
O00C S001 C01B
103.72(11) O005 C00U C00V
O00E S001 O00C
104.49(10) N00K C00V C00U
O00E S001 C01B
109.31(13) N00K C00V C013
O00A S002 C00S
103.54(12) C013 C00V C00U
O00D S002 O00A
110.40(11) C00R C00W S003
O00D S002 C00S
108.95(12) C00R C00W C010
O00J S002 O00A
103.57(12) C010 C00W S003
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Angle/˚
119.95(19)
121.1(2)
118.8(2)
104.9(2)
99.70(19)
113.3(2)
113.1(2)
120.2(2)
120.8(3)
119.0(2)

Table 5 Continued
O00J S002 O00D
O00J S002 C00S
O00F S003 O10
O00F S003 C00W
O10 S003 C00W
O00I S003 O00F
O00I S003 O10
O00I S003 C00W
C00M O004 C01F
C00N O005 C00U
C00P O006 C012
C01L O00A S002
C01H O00C S001
C01K O10 S003
C00M N00H C01C
C00N N00K C00V
C00P N00L C01D
O007 C00M O004
O007 C00M N00H
N00H C00M O004
O009 C00N O005
O009 C00N N00K
N00K C00N O005
C017 C00O C00S
O008 C00P O006
O008 C00P N00L
N00L C00P O006
C011 C00Q C01A
C018 C00Q C011
C018 C00Q C01A
C016 C00R C00W
C00O C00S S002

119.28(13)
109.89(12)
109.17(12)
108.83(12)
104.28(11)
119.68(13)
103.81(11)
109.91(13)
109.3(2)
108.4(2)
109.63(19)
116.99(16)
115.65(14)
118.12(15)
113.3(2)
112.7(2)
113.2(2)
120.7(2)
128.8(3)
110.5(2)
121.1(3)
128.5(3)
110.4(2)
119.1(3)
120.7(2)
129.0(3)
110.2(2)
119.4(3)
118.5(3)
122.1(3)
119.1(3)
118.9(2)

C010 C00X C00Y
C00X C00Y C016
C00X C00Y C01G
C016 C00Y C01G
C015 C00Z C014
C00X C010 C00W
C019 C011 C00Q
O006 C012 C01D
C01L C013 C00V
C00S C014 C00Z
C00Z C015 C017
C00Z C015 C01E
C017 C015 C01E
C00R C016 C00Y
C00O C017 C015
C00Q C018 C00T
C011 C019 C01B
C00T C01B S001
C00T C01B C019
C019 C01B S001
N00H C01C C01F
N00H C01C C01J
C01J C01C C01F
N00L C01D C012
N00L C01D C01I
C01I C01D C012
O004 C01F C01C
O00C C01H C01I
C01H C01I C01D
C01K C01J C01C
O10 C01K C01J
O00A C01L C013

121.6(3)
118.2(3)
121.1(3)
120.7(3)
120.9(2)
119.1(3)
121.1(2)
105.7(2)
111.4(2)
119.2(2)
118.6(3)
121.9(3)
119.5(2)
121.2(3)
121.1(2)
121.4(2)
119.2(2)
120.8(2)
120.9(2)
118.3(2)
100.5(2)
111.9(2)
112.2(2)
100.5(2)
113.0(2)
113.0(2)
105.8(2)
107.3(2)
110.5(2)
112.5(2)
106.3(2)
109.7(2)

Table 6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement
Parameters (Å2×103) for DAC_253_L_0m_a.
Atom
x
y
z
U(eq)
H00K
4847
3841
1896
H00O
2174
1101
1803
H00R
7372
2849
2989
H00T
7216
-469
3119
H00A
6400
4016
80
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27
29
29
26
27

Table 6 Continued
H00B
5180
H00V
5948
H00X
9674
H00Z
978
H010
9546
H011
9332
H01A
2862
H01B
4006
H01K
3709
H01L
4402
H014
1117
H016
7519
H017
2103
H018
7691
H019
8880
H01C
8605
H01D
8621
H01E
9729
H01R
4198
H01F
3836
H01M
1423
H01N
2002
H01O
671
H01S
3291
H01T
4429
H01U
8403
H01V
8231
H01W
9466
H01G
5513
H01H
6028
H01I
5914
H01J
5309
H01X
6221
H01Y
5669
H01Z
6090
H
6420
H01P
4386
H01Q
3617
H00L
4800(30)
H00H
5030(30)

4413
3156
4544
2720
4663
1624
2655
3024
3613
2929
3210
2735
635
-391
1554
1142
215
675
4854
1674
1707
922
1017
5732
6201
4041
3123
3483
836
1328
2475
1971
5677
5032
4052
4664
2235
2906
2250(20)
5525(19)
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88
939
1721
3641
2942
2282
4552
4849
538
169
2488
1763
2959
1922
3476
1008
960
1185
3832
4094
4495
4231
4187
4501
4658
606
665
686
4279
3635
4358
4959
4209
4708
3918
3312
1265
1597
3050(20)
2839(19)

27
25
34
30
30
28
28
28
24
24
29
32
31
30
26
48
48
48
26
24
47
47
47
33
33
58
58
58
25
25
23
23
26
26
30
30
28
28
33(10)
23(8)

Experimental
Single crystals of C12H15NO5S [DAC_253_L_0m_a] were grown by slow
evaporation of DCM. A suitable crystal was selected and mounted on a Bruker D8
Venture diffractometer. The crystal was kept at 99.99 K during data collection. Using
Olex2, the structure was solved with the ShelXS structure solution program using the
Patterson method and refined with the ShelXL refinement package using least squares
minimization.

Complex 128
Table 7 Crystal data and structure refinement for abs2_a.
Identification code
abs2_a
Empirical formula
C16.97H21.47Cl8.16N0.75O7.5Rh1.5S0.75
Formula weight
823.49
Temperature/K
104.26
Crystal system
hexagonal
Space group
P61
a/Å
22.3637(9)
b/Å
22.3637(9)
c/Å
15.1267(6)
α/°
90
β/°
90
γ/°
120
3
Volume/Å
6551.8(6)
Z
7.99998
3
ρcalcg/cm
1.670
-1
μ/mm
1.512
F(000)
3254.0
3
Crystal size/mm
0.5 × 0.39 × 0.18
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 4.53 to 63.1
Index ranges
-30 ≤ h ≤ 32, -32 ≤ k ≤ 32, -22 ≤ l ≤ 22
Reflections collected
98745
Independent reflections
14574 [Rint = 0.0213, Rsigma = 0.0140]
Data/restraints/parameters 14574/19/447
Goodness-of-fit on F2
1.093
Final R indexes [I>=2σ (I)]
R1 = 0.0250, wR2 = 0.0728
Final R indexes [all data]
R1 = 0.0252, wR2 = 0.0729
-3
Largest diff. peak/hole / e Å 2.91/-0.77
Flack parameter
0.009(4)
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Table 8 Fractional Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2×103) for abs2_a. Ueq is defined as 1/3 of of the trace
of the orthogonalised UIJ tensor.
Atom
x
y
z
U(eq)
Rh01
4080.4(2)
8964.7(2)
6734.8(2)
13.35(5)
Rh02
4255.0(2)
10085.5(2)
7083.0(2)
12.64(5)
S003
5604.8(4)
8785.4(4)
2563.2(5)
15.01(12)
Cl04
3580.4(6)
10607.4(5)
9818.7(7)
34.1(2)
Cl05
2588.5(6)
9176.6(5)
9451.4(8)
37.7(2)
Cl06
5571.0(6)
8116.0(7)
6278.5(8)
40.4(2)
Cl07
4843.6(7)
7160.1(6)
7684.7(7)
38.6(2)
Cl08
2264.8(6)
10245.2(6)
9020.9(10)
41.6(2)
Cl09
2327.7(8)
9654.9(7)
5201.7(9)
46.7(3)
Cl0A
2490.5(8)
10622.4(8)
6588.2(10)
51.3(3)
Cl0B
3027.5(12)
11113.2(9)
4850.4(11)
68.2(5)
Cl0C
5899.7(9)
8539.2(8)
8110.5(12)
61.1(4)
O00D
4287.6(12)
9865.4(12)
8378.2(16)
17.7(4)
O00E
3212.6(12)
9649.0(11)
7179.0(16)
17.6(4)
O00F
4099.8(13)
8799.2(12)
8053.5(16)
19.0(4)
O00G
4076.5(12)
9190.4(12)
5424.9(16)
17.9(4)
O00H
4191.1(12)
10229.5(12)
5759.1(16)
16.6(4)
O00I
5294.0(11)
10452.1(11)
6988.4(16)
17.2(4)
O00J
3045.7(12)
8600.1(12)
6808.4(17)
18.8(4)
O00K
5124.1(12)
9386.5(12)
6704.4(17)
19.3(4)
O00L
3880.2(13)
7864.9(12)
6510.3(15)
17.1(4)
O00N
3836.4(15)
6985.6(12)
5752.0(16)
22.0(5)
N00O
4064.4(17)
7924.8(14)
5004.1(19)
21.0(5)
C00Q
4188.4(16)
9273.0(16)
8590(2)
17.5(5)
C00S
6272.9(17)
10312.2(19)
6830(3)
23.4(6)
C00T
4112.4(16)
9760.6(16)
5217(2)
17.0(5)
C00U
5506.4(15)
10028.9(16)
6844(2)
16.4(5)
C00V
4743.6(16)
7811.0(15)
3774(2)
16.9(5)
C00W
2829.2(16)
9002.3(15)
7036(2)
16.9(5)
C00X
4850.7(16)
8446.9(16)
3279(2)
17.3(5)
C00Y
4073.4(17)
7477.7(15)
4305(2)
17.2(5)
C00Z
4047(2)
9888.5(19)
4250(2)
22.6(6)
C010
3927.1(16)
7624.2(15)
5798(2)
15.8(5)
C011
4176(2)
9119(2)
9558(2)
24.4(6)
C012
2066.4(17)
8694.1(18)
7154(3)
25.6(7)
C013
3967(3)
6852.9(18)
4853(2)
29.7(8)
C014
5293.7(16)
8204.3(15)
1649(2)
17.7(5)
C015
4775(2)
8161.0(19)
1103(3)
27.2(7)
C016
2858(2)
10485(2)
5653(3)
34.9(8)
C017
5615(2)
7826(2)
1465(3)
30.7(8)
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Table 8 Continued
C018
4912(3)
C019
2927(2)
C01A
4578(3)
C01D
5257(2)
C01E
5419(3)
C6
1745(4)
Cl1
2554.9(15)
Cl3
1114(2)
Cl1A
1945(2)

7373(2)
10038.3(19)
7739(2)
8041(2)
7410(3)
11606(5)
11995.8(15)
11667(3)
12030(3)

161(3)
9096(3)
362(3)
7352(3)
704(3)
3684(6)
3146(2)
3150(2)
4757(2)

Table 9 Anisotropic Displacement Parameters (Å2×103) for abs2_a. The
Anisotropic displacement factor exponent takes the form: 2π2[h2a*2U11+2hka*b*U12+…].
Atom
U11
U22
U33
U23
U13
Rh01
16.05(9)
10.80(9)
12.90(9)
-0.15(7)
0.93(7)
Rh02
13.90(9)
10.46(8)
12.85(8)
-0.38(7)
0.05(7)
S003
16.4(3)
13.1(3)
15.4(3)
1.6(2)
0.8(2)
Cl04
41.9(5)
23.3(4)
29.2(4)
-2.1(3)
-2.1(4)
Cl05
43.2(5)
19.9(4)
43.3(6)
3.1(4)
4.0(4)
Cl06
42.1(5)
49.4(6)
41.9(6)
15.0(5)
15.7(5)
Cl07
53.6(6)
34.8(5)
26.8(4)
2.3(4)
-0.4(4)
Cl08
39.6(5)
33.6(5)
52.2(6)
4.3(5)
1.2(5)
Cl09
51.8(7)
38.5(5)
43.1(6)
-2.8(5)
-7.7(5)
Cl0A
63.4(8)
52.1(7)
50.4(7)
1.9(6)
16.8(6)
Cl0B
89.6(13)
46.1(7)
49.2(8)
15.5(6)
8.7(8)
Cl0C
67.1(9)
44.6(7)
70.2(10)
-21.9(7)
-37.8(8)
O00D
21.6(10)
15.4(9)
14.4(9)
-0.9(8)
-0.2(8)
O00E
15.6(9)
13.8(9)
22.1(11)
-2.6(8)
0.7(8)
O00F
27.8(11)
15.2(9)
14.4(10)
2.1(8)
-0.1(8)
O00G
24.9(10)
16.1(9)
14.1(9)
0.2(8)
1.5(8)
O00H
19.4(10)
14.7(9)
15.6(9)
0.3(8)
0.2(8)
O00I
14.4(9)
13.6(9)
21.3(10)
-0.9(8)
-0.5(8)
O00J
17.5(9)
13.8(9)
23.4(10)
-2.6(8)
1.6(8)
O00K
18.3(10)
18.2(10)
23.1(11)
-0.6(9)
1.5(9)
O00L
23.0(10)
15.4(9)
12.8(9)
-0.9(7)
3.1(7)
O00N
36.6(13)
13.8(9)
15.7(10)
1.8(8)
7.1(9)
N00O
35.6(15)
17.0(11)
14.2(11)
1.4(9)
5.5(10)
C00Q
17.8(12)
18.1(12)
15.3(13)
1.9(10)
-0.3(9)
C00S
16.0(13)
25.3(15)
28.1(16)
-1.8(12)
0.5(11)
C00T
17.0(12)
16.9(12)
16.1(13)
0.5(10)
0.2(9)
C00U
15.6(12)
18.0(12)
15.4(12)
1.4(10)
0.5(9)
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35.0(9)
28.1(7)
34.7(9)
29.2(7)
42.4(11)
42.0(16)
64.1(8)
106.2(19)
94.7(15)

U12
6.49(7)
5.56(7)
7.2(2)
10.5(4)
10.9(4)
32.0(5)
21.6(5)
18.7(4)
17.6(5)
37.9(7)
19.1(8)
26.9(7)
7.9(8)
6.5(8)
11.0(9)
11.3(8)
8.5(8)
5.2(7)
6.5(8)
10.3(8)
9.5(8)
12.8(10)
16.0(11)
7.9(10)
9.7(12)
7.8(10)
8.2(10)

Table 9 Continued
C00V
21.7(13)
C00W
16.5(12)
C00X
20.3(13)
C00Y
21.9(13)
C00Z
30.9(16)
C010
17.2(12)
C011
32.7(17)
C012
16.6(13)
C013
55(2)
C014
21.7(13)
C015
30.9(17)
C016
34(2)
C017
40(2)
C018
53(2)
C019
35.3(19)
C01A
45(2)
C01D
33.1(18)
C01E
59(3)
C6
41(4)
Cl1
53.2(13)
Cl3
84(2)
Cl1A
111(3)

14.9(11)
14.0(11)
16.3(12)
12.9(11)
24.9(15)
14.1(11)
23.9(15)
19.4(14)
16.4(14)
14.6(11)
19.4(14)
38(2)
37(2)
24.1(16)
18.7(14)
21.8(16)
30.7(18)
45(3)
49(4)
57.4(14)
219(6)
158(4)

16.1(11)
17.7(12)
17.8(13)
15.8(12)
13.5(13)
15.4(12)
14.9(13)
34.9(18)
17.9(14)
15.5(12)
33.1(18)
39(2)
26.3(17)
19.6(15)
24.6(16)
29.5(18)
30.4(18)
34(2)
41(4)
70.8(17)
52.9(16)
48.5(15)

Table 10 Bond Lengths for abs2_a.
Atom Atom Length/Å
Atom Atom
Rh01 Rh02
2.3946(3) O00G C00T
Rh01 O00F
2.033(2) O00H C00T
Rh01 O00G
2.046(2) O00I C00U
Rh01 O00J
2.036(2) O00J C00W
Rh01 O00K
2.034(2) O00K C00U
Rh01 O00L
2.294(2) O00L C010
1
Rh02 S003
2.4921(7) O00N C010
Rh02 O00D
2.030(2) O00N C013
Rh02 O00E
2.033(2) N00O C00Y
Rh02 O00H
2.045(2) N00O C010
Rh02 O00I
2.046(2) C00Q C011
S003 Rh022
2.4920(7) C00S C00U
S003 C00X
1.820(3) C00T C00Z
S003 C014
1.783(3) C00V C00X
Cl04 C019
1.758(4) C00V C00Y
Cl05 C019
1.766(4) C00W C012

1.1(10)
-0.2(10)
4.9(10)
0.4(9)
2.3(11)
1.0(9)
2.8(11)
-3.7(13)
3.8(11)
0.6(10)
-6.3(13)
1.6(17)
-7.9(15)
-3.6(13)
-0.6(12)
-5.3(14)
-6.9(14)
-14.1(19)
-6(3)
20.4(12)
-14(2)
-39(2)

Length/Å
1.277(4)
1.273(4)
1.272(4)
1.264(4)
1.269(4)
1.233(4)
1.340(4)
1.452(4)
1.463(4)
1.334(4)
1.502(5)
1.501(4)
1.511(4)
1.516(4)
1.526(4)
1.497(5)
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3.2(10)
1.5(10)
5.6(10)
3.8(10)
-0.3(12)
3.3(10)
0.0(12)
2.6(13)
15.7(15)
0.4(10)
-13.6(14)
1.9(17)
-3.7(15)
1.0(16)
3.9(14)
-14.9(17)
-8.0(15)
0(2)
6(3)
15.7(12)
-15.6(15)
-16.3(16)

10.7(10)
5.7(10)
10.9(10)
7.9(10)
15.1(14)
7.2(10)
12.9(13)
4.6(11)
17.6(15)
8.2(10)
14.1(13)
22.6(17)
28.0(18)
12.7(16)
9.3(14)
10.8(15)
20.8(16)
35(2)
26(3)
19.3(11)
103(3)
92(3)

Table 10 Continued
Cl06 C01D
1.743(5)
Cl07 C01D
1.779(4)
Cl08 C019
1.762(5)
Cl09 C016
1.767(5)
Cl0A C016
1.738(5)
Cl0B C016
1.749(5)
Cl0C C01D
1.738(4)
O00D C00Q
1.270(4)
O00E C00W
1.278(4)
O00F C00Q
1.269(4)

C00Y C013
C014 C015
C014 C017
C015 C01A
C017 C01E
C018 C01A
C018 C01E
C6 Cl1
C6 Cl3
C6 Cl1A

1.537(5)
1.387(5)
1.385(5)
1.388(5)
1.405(6)
1.389(7)
1.369(8)
1.767(8)
1.690(9)
1.820(9)

1

1-X,2-Y,1/2+Z; 21-X,2-Y,-1/2+Z

Table 11 Bond Angles for abs2_a.
Atom Atom Atom
Angle/˚
O00F Rh01 Rh02
88.14(7)
O00F Rh01 O00G
176.59(10)
O00F Rh01 O00J
89.82(11)
O00F Rh01 O00K
89.00(11)
O00F Rh01 O00L
87.74(9)
O00G Rh01 Rh02
88.48(6)
O00G Rh01 O00L
95.65(8)
O00J Rh01 Rh02
88.00(6)
O00J Rh01 O00G
90.43(10)
O00J Rh01 O00L
90.30(9)
O00K Rh01 Rh02
88.33(7)
O00K Rh01 O00G
90.53(10)
O00K Rh01 O00J
176.18(10)
O00K Rh01 O00L
93.29(9)
O00L Rh01 Rh02
175.55(6)
Rh01 Rh02 S0031
175.42(2)
O00D Rh02 Rh01
88.01(7)
1
O00D Rh02 S003
87.87(7)
O00D Rh02 O00E
89.21(10)
O00D Rh02 O00H
175.68(9)
O00D Rh02 O00I
89.62(10)
O00E Rh02 Rh01
88.02(6)
1
O00E Rh02 S003
89.93(6)
O00E Rh02 O00H
89.54(10)
O00E Rh02 O00I
175.72(9)
O00H Rh02 Rh01
87.81(6)

Atom Atom Atom
C010 N00O C00Y
O00D C00Q C011
O00F C00Q O00D
O00F C00Q C011
O00G C00T C00Z
O00H C00T O00G
O00H C00T C00Z
O00I C00U C00S
O00K C00U O00I
O00K C00U C00S
C00X C00V C00Y
O00E C00W C012
O00J C00W O00E
O00J C00W C012
C00V C00X S003
N00O C00Y C00V
N00O C00Y C013
C00V C00Y C013
O00L C010 O00N
O00L C010 N00O
N00O C010 O00N
O00N C013 C00Y
C015 C014 S003
C017 C014 S003
C017 C014 C015
C014 C015 C01A
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Angle/˚
112.6(3)
117.2(3)
125.7(3)
117.1(3)
117.7(3)
125.3(3)
117.0(3)
117.4(3)
125.4(3)
117.1(3)
112.0(2)
117.8(3)
124.9(3)
117.3(3)
111.3(2)
113.1(3)
100.5(2)
113.3(3)
120.6(3)
128.0(3)
111.4(3)
106.0(3)
121.4(3)
117.9(3)
120.6(3)
119.9(4)

Table 11 Continued
O00H Rh02 S0031
O00H Rh02 O00I
O00I Rh02 Rh01
O00I Rh02 S0031
C00X S003 Rh022
C014 S003 Rh022
C014 S003 C00X
C00Q O00D Rh02
C00W O00E Rh02
C00Q O00F Rh01
C00T O00G Rh01
C00T O00H Rh02
C00U O00I Rh02
C00W O00J Rh01
C00U O00K Rh01
C010 O00L Rh01
C010 O00N C013

96.27(7)
91.33(10)
87.83(6)
94.14(7)
102.46(10)
108.54(10)
102.43(15)
119.2(2)
119.4(2)
118.9(2)
118.7(2)
119.6(2)
119.05(19)
119.5(2)
119.2(2)
125.7(2)
109.1(2)

Cl0A C016 Cl09
Cl0A C016 Cl0B
Cl0B C016 Cl09
C014 C017 C01E
C01E C018 C01A
Cl04 C019 Cl05
Cl04 C019 Cl08
Cl08 C019 Cl05
C015 C01A C018
Cl06 C01D Cl07
Cl0C C01D Cl06
Cl0C C01D Cl07
C018 C01E C017
Cl1 C6 Cl1A
Cl3 C6 Cl1
Cl3 C6 Cl1A

111.8(3)
110.8(3)
109.7(3)
119.0(4)
120.4(4)
110.4(2)
110.7(2)
110.4(2)
119.8(4)
109.4(2)
112.9(3)
109.2(2)
120.4(4)
103.3(5)
115.5(6)
112.4(5)

1

1-X,2-Y,1/2+Z; 21-X,2-Y,-1/2+Z

Table 12 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement
Parameters (Å2×103) for abs2_a.
Atom
x
y
z
U(eq)
H00O
4141
8346
4912
H00A
6442
10430
6221
H00B
6377
9964
7059
H00C
6500
10727
7199
H00D
5137
7942
4180
H00E
4734
7471
3346
H00F
4911
8807
3709
H00G
4436
8328
2918
H00Y
3672
7338
3899
H00H
4248
9670
3889
H00I
4292
10387
4136
H00J
3558
9692
4099
H01A
4364
9550
9896
H01B
4457
8903
9667
H01C
3700
8805
9745
H01D
1928
8456
7725
H01E
1824
8363
6678
H01F
1948
9061
7137

256

25
35
35
35
20
20
21
21
21
34
34
34
37
37
37
38
38
38

Table 12 Continued
H01G
3569
H01H
4383
H015
4555
H016
3307
H017
5963
H018
4788
H019
3133
H01I
4217
H01K
4907
H01J
5640
H6
1588

6423
6806
8420
10524
7848
7096
10086
7700
8194
7153
11106

4625
4830
1236
5830
1847
-357
8495
-6
7354
565
3776

Table 13 Atomic Occupancy for abs2_a.
Atom
Occupancy
Atom
Occupancy
Atom
C6
0.625(5) H6
0.625(5) Cl1
Cl3
0.625(5) Cl1A
0.625(5)

36
36
33
42
37
42
34
42
35
51
50

Occupancy
0.625(5)

Table 14 Solvent masks information for abs2_a.
Number
1

X

Y
0.000

Z
0.000

-0.171

Volume
509.8

Electron
Content
count
99.7

Experimental
Single crystals of C16.97H21.47Cl8.16N0.75O7.5Rh1.5S0.75 [abs2_a] were grown by [Slow
evaporation of CDCl3]. A suitable crystal was selected and mounted on a 'Bruker APEX-II
CCD' diffractometer. The crystal was kept at 104.26 K during data collection. Using Olex2
[1], the structure was solved with the ShelXS structure solution program using the
structure expansion method and refined with the ShelXL refinement package using least
squares minimization.
1.
Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. &
Puschmann, H. (2009), J. Appl. Cryst. 42, 339-341.

Complex 122a
Table 15 Crystal data and structure refinement for completeMonoSerMeTOX_a.
Identification code
completeMonoSerMeTOX_a
Empirical formula
C12H17Cl2NO8Rh2S
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Table 15 Continued
612.04
Formula weight
Temperature/K
100.0
Crystal system
monoclinic
Space group
P21/c
a/Å
12.8093(7)
b/Å
11.5013(6)
c/Å
13.0035(8)
α/°
90
β/°
96.634(2)
γ/°
90
3
Volume/Å
1902.90(19)
Z
4
3
ρcalcg/cm
2.136
μ/mm-1
2.164
F(000)
1200.0
Crystal size/mm3
ND
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 4.742 to 55.122
Index ranges
-16 ≤ h ≤ 16, -14 ≤ k ≤ 14, -14 ≤ l ≤ 16
Reflections collected
11340
Independent reflections
4354 [Rint = 0.0330, Rsigma = 0.0425]
Data/restraints/parameters 4354/0/105
Goodness-of-fit on F2
1.951
Final R indexes [I>=2σ (I)]
R1 = 0.1512, wR2 = 0.3903
Final R indexes [all data]
R1 = 0.1524, wR2 = 0.3941
-3
Largest diff. peak/hole / e Å 12.92/-11.78

Table 16 Fractional Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2×103) for completeMonoSerMeTOX_a. Ueq is defined
as 1/3 of the trace of the orthogonalised UIJ tensor.
Atom
x
y
z
U(eq)
Rh1
7431.5(4)
7948.4(5)
4638.2(4)
9.8(4)
Rh2
7625.9(4)
6800.4(5)
3107.6(4)
10.4(4)
S3
7337.2(14)
9113.3(15)
6319.5(13)
9.5(5)
O4
7873(5)
9333(5)
3819(4)
16.9(12)
O1
8954(4)
7586(5)
5103(4)
13.7(11)
O2
5845(5)
8234(5)
4109(4)
16.5(12)
O3
9114(5)
6346(5)
3780(4)
18.6(12)
O0AA
8267(5)
8220(5)
2502(4)
14.8(12)
O5
6938(4)
6467(5)
5305(4)
14.1(11)
O6
6984(5)
5432(5)
3830(5)
19.6(12)
O7
4520(5)
7686(6)
2939(5)
26.5(14)

258

Table 16 Continued
C8
6806(6)
N10
6162(6)
C11
9444(6)
C12
5576(7)
C13
8205(6)
C18
10527(7)
C5
7181(6)
C0AA
7853(6)
C1AA
8568(7)
C6AA
4425(8)
C9
5540(7)
C2AA
5924(6)
C3AA
7895(6)
C4AA
8971(7)
C5AA
6339(7)

5582(7)
7317(7)
6849(6)
7753(8)
9187(7)
6521(8)
11279(6)
10619(7)
10238(8)
6936(8)
6914(7)
5699(7)
11213(7)
10432(7)
4508(8)

4755(6)
2633(6)
4622(6)
3264(7)
2938(6)
5135(7)
5353(6)
6214(6)
2400(7)
2056(7)
1663(7)
1387(6)
7261(6)
5933(6)
5258(7)

Table 17 Bond Lengths for completeMonoSerMeTOX_a.
Atom Atom Length/Å
Atom Atom Length/Å
Rh1 Rh2
2.4251(7)
O3 C11
1.267(10)
Rh1 S3
2.5788(17)
O0AA C13
1.255(10)
Rh1 O4
2.033(6)
O5 C8
1.243(10)
Rh1 O1
2.018(6)
O6 C8
1.262(10)
Rh1 O2
2.095(6)
O7 C12
1.372(11)
Rh1 O5
2.045(6)
O7 C6AA
1.430(11)
Rh2 S31
2.5395(18)
C8
C5AA
1.550(12)
Rh2 O3
2.070(6)
N10 C12
1.276(11)
Rh2 O0AA
2.027(6)
N10 C9
1.486(11)
Rh2 O6
2.053(6)
C11 C18
1.516(12)
Rh2 N10
1.995(8)
C13 C1AA
1.497(12)
2
S3 Rh2
2.5395(18)
C5
C0AA
1.533(11)
S3 C0AA
1.864(8)
C0AA C3AA
1.519(10)
2
S3 C2AA
1.835(8)
C0AA C4AA
1.534(11)
O4 C13
1.278(10)
C6AA C9
1.573(13)
O1 C11
1.264(10)
C9
C2AA
1.537(11)
1
O2 C12
1.243(11)
C2AA S3
1.835(8)
1

+X,3/2-Y,-1/2+Z; 2+X,3/2-Y,1/2+Z
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13.5(15)
19.0(15)
12.4(14)
17.4(16)
14.7(15)
20.9(17)
13.7(14)
13.5(14)
23.9(18)
23.1(18)
17.9(16)
17.1(16)
17.6(16)
19.1(16)
23.1(18)

Table 18 Bond Angles for completeMonoSerMeTOX_a.
Atom Atom Atom
Angle/˚
Atom Atom Atom
Rh2 Rh1 S3
176.33(5)
C2AA2 S3 C0AA
O4 Rh1 Rh2
86.29(17)
C13 O4 Rh1
O4 Rh1 S3
94.61(17)
C11 O1 Rh1
O4 Rh1 O2
91.3(2)
C12 O2 Rh1
O4 Rh1 O5
173.5(2)
C11 O3 Rh2
O1 Rh1 Rh2
86.92(16)
C13 O0AA Rh2
O1 Rh1 S3
89.52(17)
C8 O5 Rh1
O1 Rh1 O4
90.1(2)
C8 O6 Rh2
O1 Rh1 O2
176.7(2)
C12 O7 C6AA
O1 Rh1 O5
92.1(2)
O5 C8 O6
O2 Rh1 Rh2
90.18(16)
O5 C8 C5AA
O2 Rh1 S3
93.36(16)
O6 C8 C5AA
O5 Rh1 Rh2
87.73(15)
C12 N10 Rh2
O5 Rh1 S3
91.52(16)
C12 N10 C9
O5 Rh1 O2
86.2(2)
C9 N10 Rh2
1
Rh1 Rh2 S3
163.51(5)
O1 C11 O3
O3 Rh2 Rh1
88.14(17)
O1 C11 C18
1
O3 Rh2 S3
108.16(17)
O3 C11 C18
O0AA Rh2 Rh1
88.00(16)
O2 C12 O7
1
O0AA Rh2 S3
90.01(16)
O2 C12 N10
O0AA Rh2 O3
88.5(2)
N10 C12 O7
O0AA Rh2 O6
175.5(2)
O4 C13 C1AA
O6 Rh2 Rh1
87.55(17)
O0AA C13 O4
O6 Rh2 S31
94.48(17)
O0AA C13 C1AA
O6 Rh2 O3
90.6(2)
C5 C0AA S3
N10 Rh2 Rh1
84.8(2)
C5 C0AA C4AA
1
N10 Rh2 S3
78.9(2)
C3AA C0AA S3
N10 Rh2 O3
172.8(3)
C3AA C0AA C5
N10 Rh2 O0AA
92.8(3)
C3AA C0AA C4AA
N10 Rh2 O6
87.6(3)
C4AA C0AA S3
2
Rh2 S3 Rh1
123.03(7)
O7 C6AA C9
C0AA S3 Rh1
111.6(2)
N10 C9 C6AA
C0AA S3 Rh22
115.9(2)
N10 C9 C2AA
C2AA2 S3 Rh1
104.2(3)
C2AA C9 C6AA
C2AA2 S3 Rh22
92.6(3)
C9 C2AA S31
1

+X,3/2-Y,-1/2+Z; 2+X,3/2-Y,1/2+Z
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Angle/˚
104.7(4)
120.5(5)
120.6(5)
112.3(6)
116.7(5)
119.3(5)
117.8(5)
117.2(5)
105.7(7)
129.2(8)
116.3(7)
114.5(7)
121.3(6)
111.8(7)
124.2(6)
126.8(8)
115.5(7)
117.7(7)
117.3(8)
128.3(8)
114.4(8)
117.8(8)
124.5(8)
117.7(7)
109.9(5)
110.9(6)
109.2(5)
113.0(6)
109.8(6)
103.7(5)
105.9(7)
97.9(7)
109.1(7)
114.7(7)
104.4(6)

Experimental
Single crystals of C12H17Cl2NO8Rh2S [completemonosermetox_a] were grown by
layering DCM and hexane. A suitable crystal was selected and mounted on a 'Bruker
APEX-II CCD' diffractometer. The crystal was kept at 100 K during data collection. Using
Olex2 [1], the structure was solved with the ShelXS structure solution program using the
Patterson method and refined with the ShelXL refinement package using least squares
minimization.
1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H.
(2009), J. Appl. Cryst. 42, 339-341.
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